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Powerline Communications using the low voltage mains supply in the CENELEC frequencies
ABSTRACT
The object of this dissertation is to identify effective techniques for powerline communication 
using the low voltage (240V) domestic mains electricity supply in the sub 150 kHz frequency 
range as defined by the European CENELEC standard, concentrating on narrowband 
techniques suitable for low data rate telemetry applications.
In order to conduct a comparison of communications techniques a model of the channel is 
invaluable. However a survey of the existing literature reveals that the presently available 
knowledge of the channel characteristics and impairments of the low voltage mains is limited. 
In particular there is no widely accepted quantitative model of the mains as a narrowband 
communications link.
The study consisted of four main phases. First, a new piece of equipment, the ‘Channel 
Probe’, was developed to perform channel soundings of the mains. The second phase was 
largely experimental; empirical channel sounding results were collected using the Channel 
Probe. In the third phase a model was defined to fit the empirical results and a quantitative 
simulation was constructed based on this model. Lastly, communications techniques were 
studied using this simulation.
This document presents the key impairments introduced by the channel, and proposes a novel 
narrowband channel model. Quantitative values for these phenomena are identified and 
justified against the measured results.
The simulation that was constructed in accordance with this channel model is entirely novel, 
and is used to study suitable modulation schemes, receiver structures and algorithms. Original 
performance results from this simulation are presented, and a novel low complexity 
narrowband communication scheme is presented which has significant advantages over 
existing commercially available systems.
Keywords: powerline communications, powerline carrier, mains communications, powerline 
transceiver
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Glossary of Abbreviations and Special Terms
ACI Adjacent carrier interference
ASIC application specific integrated circuit
BER bit error rate
BPSK
modulation
binary phase shift keyed modulation
CENELEC Comité Européen de Normalisation Electrotechnique
dBc dB carrier: power o f some process relative to carrier power
DSM Demand side management
DSP digital signal processor
IEC International Electrotechnical Commission
V
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LV Low voltage (in the context o f electricity supply this means in the order of 
a few hundred volts)
MSK Minimum shift keyed modulation (see [PROAKIS] for details)
OFDM Orthogonal frequency division multiplexing, a modulation scheme which 
uses several orthogonal carriers simultaneously (see [PROAKIS] for 
details)
P-P Peak to peak
PN sequence pseudo noise sequence (see 8.6)
QPSK Quadrature phase shift keying, a particular type o f modulation (see 
[PROAKIS])
rms Root mean square
SINAD signal in noise and distortion ratio
SIR signal to interference ratio
SNR signal to noise ratio
WSC Wide sense cyclostationary
WSS Wide sense stationary
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Symbols and Notational Conventions
In this document references to articles or books are shown thus: [ABC]. Symbols which 
denote vectors or matrices are shown in bold.
Symbol/ Term Meaning
Q* Complex conjugate operator
= “is defined as”
Af Attenuation and phase shift (of unmodulated signal averaged at receiver) 
due to channel, at frequency/
App Peak to peak variation o f noise power over AC cycle, in dB
baud Rate at which channel coded symbols are modulated ( c.f. bps)
bps Bits per second (measures transmitted data rate prior to channel coding, 
c.f. baud)
C(t) Capacitance
dr maximum radial amplitude of distortion trajectory
drms root mean square power o f distortion process
d/t) multiplicative distortion process
fc Carrier frequency
Îm Mains AC cycle frequency, nominally 50 Hz in most European countries
W ) Multiplicative noise fading process (as function of AC cycle phase)
i square root o f-1
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L(t) Inductance
m/t) Multiplicative distortion process (at frequency f )
mf (t)
m f ( t ;Af , d r f \f/)
model of multiplicative distortion process. Alternate form gives 
parameters of model explicitly.
«8 (0 Noise generation process
n/0 Additive noise process at frequency/
hf (t),
hf ( t ;N0, App)
model of noise process. Alternate form gives parameters o f model 
explicitly.
N(ju, a 2) Gaussian distribution, mean p, standard deviation a
No Additive noise power at receiver
Nc Additive noise power due to mains channel
Noise fading power process, i.e. average power of Fn(Q) as a function of 
0, the AC cycle phase
r(t) Received signal
R(t) Resistance (as function of time)
s(t) Transmitted signal
t Time
T Symbol period
Tm = l/fM , the AC cycle period
C0C = 2nfc
COm III to a sr
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Z ( f ) Impedance
ix
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1. Preface
1.1. Introduction
During the late ‘80s and early ‘90s the author took part in the development of a mains 
communications systems for a remote meter reading using the LV domestic mains electricity 
supply as a communications link. This was used in medium scale field trials in a number of 
countries. In the course of the development it became clear that there was a serious gap in the 
engineering literature regarding this subject.
There are a number telemetry applications that can potentially use the mains as a 
communications link. These are discussed in section 2.5. They have in common a modest data 
rate requirement (in the order o f hundreds o f bits per second) but economics that require low 
cost, hence low complexity, transceivers. Narrowband communications is a particuarly 
suitable approach for these applications, not just because of cost but also because it is a 
highly effective solution.
While the literature has many descriptions of implementations of mains modems it is lacking 
in a quantitative description of the properties o f the LV mains as a communications channel, 
and specifically a model that is suitable for narrowband communications in the CENELEC 
frequency range. Without such a description it is difficult to systematically design effective 
narrowband communication schemes. Any progress towards improved modem performance 
will be a matter of guesswork, intuition or trial and error.
The objective o f this project is to produce a quantitative narrowband model, and to present 
effective narrowband solutions. Existing commercially available solutions are examined, 
including one narrowband solution contained in a published ISO/IEC standard, and it is 
shown that considerable improvements are possible using a novel approach based on OFDM 
techniques.
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1.2. About this Document
The remainder of this document is structured as follows.
Chapter 2 gives a short introduction to the use of the electrical power supply as a 
communications medium and some historical background. It provides background information 
on the physical nature of the low voltage electricity distribution network and discusses the 
regulatory environment within Europe as defined by CENELEC standards [EN50065]. It 
gives a brief outline o f a novel model o f the mains as a communications channel, which is one 
of the key results from this project and is elaborated in later chapters.
Chapter 3 describes the design and specifies the performance of novel measurement 
instrumentation developed as part of this project. This instrumentation is called the Channel 
Probe and has been developed to measure the transfer characteristics of the mains.
Chapter 4 discusses attenuation and noise power as a function o f frequency and time. Some 
results are available in the existing literature, specifically the relation of attenuation and noise 
with frequency, and these are presented. However certain results are new, specifically: 
evolution of attenuation with time, evolution of noise power with time and the simultaneous 
consideration of signal attenuation and noise power. Many new empirical results are 
presented.
Chapter 5 examines the short timescale properties of the background noise process observed 
by a narrowband receiver from a quantitative point of view, and proposes a model in which 
the noise process can be considered as a Gaussian process whose amplitude is modulated at 
the AC cycle rate. The novel aspect of this model is that it is particularly simple, requiring 
only two parameters (specifically, average noise spectral density as for a Gaussian channel, 
and one extra parameter to describe the amount by which this is modulated), while being 
suitable for evaluating narrowband transmission schemes. Furthermore the empirically 
measured operational range of the parameters are presented together with variation in time 
and frequency.
Chapter 6 introduces the subject of time variant multiplicative distortion and gives a 
quantitative description of its key properties, which are signal to distortion power and the 
spectrum of the distortion process. Although the engineering literature has reported the 
existence of time variant multiplicative distortion, the material in this chapter is novel in that
Powerline Communications using the low voltage mains supply in the CENELEC frequencies
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it provides a quantitative analysis of its extent and properties. Numerous empirical results are 
presented.
Chapter 7 describes a novel quantitative model of the multiplicative distortion process as it 
affects a narrowband channel and demonstrates its satisfactory statistical fit to empirical data. 
It is shown that the process can be modelled to a sufficient degree of accuracy to assess low 
data rate narrowband communications performance using a sinusoidal multiplier at twice the 
AC cycle rate. Provided the average signal attenuation is known, only three parameters are 
required. The model is quantified by providing empirically measured ranges for these 
parameters. A novel proof is given to show that periodic impedance modulation can give rise 
to the observed multiplicative distortion process.
Chapter 8 analyses the performance o f candidate narrowband modulation and 
communications schemes using the novel models o f attenuation, background noise and 
distortion developed in previous chapters. Measures to combat the channel impairments are 
examined and in a novel result it is demonstrated that it is highly desirable to modulate 
channel symbols so that the symbol period spans half an AC cycle. Estimation techniques for 
frequency and carrier phase are described and their performance is evaluated using the 
channel model. It is shown that the channel impairments have little effect on frequency 
estimation but in a novel result it is shown that multiplicative distortion can introduce a bias 
to the estimated carrier phase. Lastly symbol phase timing acquisition is examined using a 
method based on PN sequences. In a novel result it is shown that two key aspects of symbol 
phase performance are sensitive to the relative phase o f the symbol clock and the AC cycle: 
first, bit error rate as a function o f symbol phase estimation error; second, the symbol phase 
estimation error itself. It is shown that a 128 bit long PN sequence provides satisfactory 
symbol phase performance in all cases. In this chapter the coded data rate is limited to 100 
baud, a limitation that is removed in chapter 9.
Chapter 9 examines methods which allow data rates above 100 bps without loss of efficiency 
when error rate performance is compared to the signal to noise ratio. In a novel analysis it is 
shown that increasing the data rate by simply increasing the baud rate leads to severe loss of 
efficiency. A modulation scheme based on OFDM techniques is described to increase data 
rates without increasing the modulation rate, which is novel in its application to powerline 
communications. This OFDM technique is analysed in combination with convolutional 
coding techniques and the performance of this novel modulation and coding system is 
analysed and shown to produce significant coding gain. Lastly the narrowband channel model
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is used to compare the performance of the proposed OFDM scheme with two commercially 
available narrowband transmission systems, one of which is embodied in an IEC standard, 
and shown to have significant advantages over both. The IEC standard in particular is shown 
to perform very poorly in the presence of the impairments predicted by the model.
Chapter 10 provides the conclusions of this project, summarising what has been learnt about 
narrowband communications in the CENELEC frequencies. It also contrasts these with 
broadband techniques.
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2. Introduction
2.1. Synopsis
Chapter 2 gives a short introduction to the use o f the electrical power supply as a 
communications medium and some historical background. It provides background information 
on the physical nature of the low voltage electricity distribution network and discusses the 
regulatory environment within Europe as defined by CENELEC standards [EN50065]. It 
gives a brief outline of a novel model o f the mains as a communications channel, which is one 
of the key results from this project and is elaborated in later chapters.
2.2. Introduction
The residential electrical mains power supply is a widely available communications medium. 
It has long been realised that there is a potential mass market for equipment which could 
exploit this capability. Obvious ‘leader’ application areas are remote meter reading, load 
control and home automation [SHEPPARD],[PALENSKY]. Despite this there are no mass 
market products presently using the residential mains network as a communications medium, 
although it is used for a variety o f specialised applications, some of which are listed in Table 
2-2 with appropriate references for further information. The limiting factors are both 
commercial and technical. On the commercial side, none o f the potential applications appear 
to have sufficient impetus to take the technology into the mass market given the present cost 
of equipment; and even for the leader applications there is stiff competition from wireless 
technologies.
One technical obstacle is the nature o f the mains as a communications channel. Despite 
significant research effort over a number of years, no method of mains communications has 
emerged as a clear favourite for mass market applications. It is difficult to use the network as 
a communications medium.
The mains network is optimised for the distribution of an AC voltage at the line frequency (50 
Hz in Europe, 60 Hz in some other regions) into an extremely low impedance (much less than 
1 ohm). Communications system designers face a choice of strategies:
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1. Propagate signals at low frequencies, for example from sub-1 kHz up to a few kHz. In this 
range the propagation characteristics o f the mains are excellent but due to the channel's 
extremely low impedance very high current transmitter devices are necessary to achieve a 
measurable voltage.
2. Propagate signals at much higher frequencies, above at least 10 kHz, where the 
impedance of the mains system is greater. In this range low power and low cost 
transmitters are feasible but attenuation and distortion are far more severe.
3. Change the nature o f the channel: install special signal conditioning equipment to 
improve the characteristics of the mains at a signalling frequency of interest.
There are practical or experimental systems using all of these strategies. Ripple control 
systems and cyclocontrol systems exploit the favourable low frequency characteristics of the 
mains [REFSUM],[GASTEEN]. The former impose a carrier in the range 150 Hz- 3kHz on 
the mains. The latter short circuit the low voltage mains for a short period around voltage 
zero, using a high current (-100 A) thyristor. This causes a perturbation in the AC voltage 
near to the zero crossing. Most of the energy in this signal is contained in the frequency range 
below 1kHz, and at these frequencies the propagation characteristics of the system is 
excellent. Both these systems need costly high current, high voltage or high power devices; 
consequently communications is unidirectional. For example ripple control devices consume 
lOkW up to 1MW [DOSTERT]. These systems are widespread and of proven reliability, but 
unfortunately their economics exclude their use in cost sensitive applications.
For certain high value added applications it may be economic to improve the characteristics of 
the channel to permit high speed or long distance communications. For example proposals 
have been made to isolate consumer equipment from the distribution system; if  this is done 
the characteristics of the mains as a communications medium change radically; unloaded PVC 
covered mains cables attenuate at 10 MHz signal by less than 20 dB/100 m [BULL], 
potentially allowing very high data rates over hundreds of metres. In this case the approach 
taken would be to design the line conditioning equipment to provide particular desired 
channel characteristics, which in general might be very different from the characteristics of 
the unconditioned channel. This could open up the possibility o f many new applications, 
albeit at the cost of installing special equipment. However it should be emphasised that the 
present study relates to the characteristics o f the unconditioned mains channel.
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This work is about the challenges involved in propagating and detecting signals using the 
existing low voltage mains network without modification within bands A to E o f the 
‘CENELEC’ frequency ranges (9 to 148.5 kHz). In this range it is practical to produce low 
cost transmitters and receivers and the potential o f sophisticated digital signal processing 
techniques hold great promise in overcoming the impairments produced by the unfavourable 
properties o f the communications channel.
This work does not examine higher frequencies such as HF ranges in the order o f 1MHz and 
above, although results are available in [PHILLIPS] [ZIMMERMANN99], [BROWN], 
[BURR99],[SADO]. This could potentially provide high speed voice or Internet access via the 
mains but such applications require higher complexity transceivers than telemetry 
applications.
2.3. Historical Note
Power line communications in Europe started with the beginning of wide-spread electrical 
power supply. Around the year 1922 the first carrier frequency systems began to operate over 
high-tension lines in the frequency range 15 to 500 kHz for telemetry purposes, and this 
continues to the present time [DOSTERT]. Consumer products such as baby alarms have been 
available at least since 1940 [BROADRIDGE].
In the 1930's ripple carrier signalling was introduced on the medium (10-20 kV) and low 
voltage (240/415V) distribution systems. For a many years the search has been going on for a 
cost effective bi-directional technology suitable for applications such as remote meter 
reading. For example, the Tokyo Electric Power Co was running experiments in the 1970’s 
which reported successful bi-directional operation with several hundred units [HOSONO]. 
Since the mid eighties there has been a surge o f interest in using the potential of digital 
communications techniques and digital signal processing. The drive is to produce a reliable 
system which is cheap enough to be widely installed and able to compete cost effectively with 
wireless solutions.
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2.4. The Low Voltage Mains Network
2.4.1. Physical Environment
The structure of the residential mains network is similar throughout much of Europe [BULL, 
DOSTERT]. A typical residential mains network feeds electrical power from a distribution 
transformer which converts the high voltage supply (11KV- 33 kV) to a three phase 415 V 
supply. This is fed via several lines (5-10) to a total of a few hundred households, the most 
remote house being in the region o f 250m away. Each phase o f the 415V supply provides the 
standard Tow voltage' 240V1 single phase electricity supply used by consumer equipment. 
Ideally the load on each of the three phases should be evenly split. Normally the wiring run as 
far as the electricity meter is controlled by the utility and the wiring beyond the meter is 
controlled by the consumer. Within each consumer premise the wiring may have a star or ring 
topology emanating from a distribution board.
Most systems provide line, neutral and earth to the consumer. The approach most favoured is 
line-neutral signalling. Other schemes (line -earth, earth-neutral, or phase to phase) have been 
mentioned although they are not considered in this study [BULL]; in particular earth-neutral 
schemes would have the advantage that the transmission line impedance is less affected by 
consumer equipment. However the general use of earth-neutral signalling is ruled out for two 
compelling reasons. First, some installations have no earth return to the distribution 
transformer (although local earth connections would be available in each house), for example 
those using two wire overhead cabling, which would make earth-neutral signalling unusable. 
Second, common mode signals may disturb the normal operation of residual current 
protection devices thus causing a safety hazard [NEWBURY].
In UK (and the rest of Europe) the AC frequency is nominally 50 Hz. The maximum 
permitted tolerance on this frequency +1%, although in practice a maximum deviation of 
±0.2% should be expected.
Bn most of Europe the mains voltage is in the range 220- 240, and sometimes the terminology 
‘230V supply’ is used. However, in this document we use the 240V single phase and 415V 
three phase terminology customary in the UK.
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This description relates to the mains network in Europe. In other parts o f the world 
distribution practice can be very different, and this affects the characteristics o f the mains 
supply as a communications link. For example, North American homes are supplied from a 
centre tapped 240V transformer [CHAN86] which provides two opposite-phase 120V 
supplies at 60 Hz and electricity is distributed using high voltage overhead distribution lines 
via pole mounted transformers each o f which services a handful of homes. A system serving 
more than a few homes would need to use these overhead lines and transformers as part o f the 
link; the frequency range most often used is in the range 4-16 kHz [HEMMINGER], 
[HEMMINGER863. The Japanese system is similar.
The limiting factor o f mains communications is the distance the signal penetrates. This is 
influenced by transmitter power (which is subject to statutory limitations in Europe, see Table
2-1); the implementation of the receiver; the choice of modulation and error correction 
techniques; and the channel characteristics of the mains distribution network. The signalling 
range is typically limited to a few hundred metres, unless special measures are taken.
Distant units can of course be reached by using repeaters; for utility side applications where 
cable runs can be hundred o f metres from the distribution transformer to a consumer's meter, 
their use would be routine. However, a chain of repeaters is as strong as its weakest link, and 
there may be cable runs of significant length where it is difficult and expensive to install a 
repeater. In any case it is costly to install unnecessary repeaters.
2.4.2. Impedance
The impedance of the mains network fluctuates greatly as loads are switched in and out. It 
increases approximately linearly with frequency over the range 10 to 150 kHz, with similar 
results reported for several countries (USSR, Netherlands, USA, UK) [BULL]. In a house its 
magnitude typically ranges from 4Q to 40Q (see [TI], [NICHOLSON]), but at the supply 
distribution transformer it is lower (sometimes less than IQ). Beneath 10 kHz impedance 
reduces, being as little a few tenths o f an Ohm at line frequencies.
2.4.3. Regulatory Environment
In Europe the EN50065 standard [EN50065] regulates signalling on the low voltage electrical 
network specifies maximum allowable total transmission levels. These depend on the 
signalling band and the equipment type; we have assumed the use o f class 116 equipment 
whose use is subject to fewest restrictions. The EN50065 standard specifies a number of
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frequency bands with specified uses as shown in Table 2-1. Power levels in band and out of 
band are defined to limit radiated and conducted interference.
The following table lists the bands, with the commonly accepted name where appropriate.
Table 2-1 CENELEC Frequency bands
Band
name
Frequency
range
Max power Notes
3-9  kHz - Use restricted to utilities.
A 9- 95 kHz - Use restricted to utilities. Allows 134 dBpV 
power level in special cases.
B 95- 125 
kHz
116 dBp.V
(134 dBp-V 
for special 
use)
Consumer use. No access protocol applies.
C 125-140
kHz
Ditto Consumer use. Special access protocol applies 
(collision detection uses measured power of at 
least 80dBp,V near 132 kHz; collision resolution 
uses random backoff period)
E 140-148.5
kHz
Ditto Consumer use. No access protocol.
This differs significantly from American and Japanese norms, where the permitted frequency 
range spans up to 500 kHz.
2.5. Applications of Mains Signalling
Applications of mains communications vary enormously, as would be expected of such a 
widely available medium. One natural application is the control and telemetry of electrical 
equipment such as meters, switches, heaters and domestic appliances. There are a number of 
active developments that are considering such applications from a systems point of view, such
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as 'Demand Side Management' [PALENSKY], [NEWBURY98]. In this, domestic appliances 
would intelligently co-ordinate their use of resources, for example limiting peak loads. 
However the mains can also be used general purpose 'user data pipe' by applications that have 
nothing specifically to do with electricity supply, for example audio links within consumer 
premises or providing connectivity to external data networks such as the Public Switched 
Telephone Network or the Internet.
Control and Telemetry. These applications relate to the distribution or consumption of 
energy in the home. Control and telemetry includes both 'utility side' applications, which 
involves equipment belonging to the utility (i.e. between the supply transformer substation up 
to the domestic meter), and 'consumer-side' applications which involves equipment in the 
consumer's premises. Possible utility-side applications include automatic meter reading, 
dynamic tariff control, load management, load profile recording, credit control, pre-payment, 
remote connection, fraud detection and network management [SHEPPARD],[SIMPSON], and 
could be extended to include gas and water. Consumer-side applications include energy and 
appliance control: for example a commercial lighting control system from Thom Lighting 
[JONES],[THORN] allows the association between lights and switches to be changed when 
an office is re-partitioned without requiring expensive re-wiring.
An ambitious program is the introduction of Demand Side Management, which is an 
application that potentially spans both the utility and consumer sides of the distribution 
network. The objective of DSM is to smooth peak consumption curves, thus saving the power 
utility - and ultimately the consumer - money, by using communicating devices in the 
intelligent home. Consumer appliances would co-ordinate and adapt their consumption of 
electricity using tariff information broadcast by the utility. Several systems have been 
described where different appliances such as dishwashers and washing machines co-operate 
to limit maximum demand and to optimise electricity supply costs; examples are ATICON in 
Germany described in Brackmann [BRACKMANN] and a project run in association with the 
Austrian utility STEWEAG described by Palensky et al [PALENSKY]. DSM systems could 
be tightly integrated with environment control systems to produce the optimum energy use 
efficiency.
The successful introduction of DSM relies on the widespread adoption of a suitable standard, 
not just at the physical layer but at the peer to peer protocol layer and agreement on a standard 
set of functional abstractions for devices in the home; its widespread implementation in 
consumer appliances; and its adoption by utilities. All this must be done in the context of the
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extremely stringent cost constraints that apply to the consumer appliance market since the 
added value to both the consumer and the utility must outweigh incremental component costs, 
and the appliance manufacturer must be able to expect a return on the cost of implementation. 
At present there are a number of emerging standards which may form the basis of a future 
DSM solution. In Europe the European Standard for Home Automation (EHS) was used in the 
ATICON project mentioned above and the North American ELA CEBus standard (also called 
ELA IS-60) was used in the STEWEAG project. A project of EDF, France, [DUVAL] uses 
EHS and includes demand side management, street lighting control, remote metering and 
billing, customer specific tariff optimisation, contract management, expense estimation and 
gas applications safety.
Intelligent Home. In the intelligent home devices will automatically make decisions about 
their best mode of operation and will control the domestic environment and react to changes, 
highlight problems and report threats. The low voltage supply makes a natural data pipe 
connecting many of the devices involved. A number of commercial systems have been 
advertised: for example, one company in Spain (Bioingeneira Aragonesa S.L.) has published 
descriptions of numerous devices, including security system activators, smoke sensors, gas 
escape sensors, gas flow sensors, water electronic valve and motion detectors. All these 
devices could be monitored remotely, for example by an external telephone connection, and 
many are intelligent in that they are aware of and react to the state of occupancy of the house 
or other conditions. The mains provides connectivity between devices. A company in the UK, 
Creda Ltd., have produced publicity material describing a mains signalling system which is 
used to control electric storage heater units.
User Data Pipes. Communications can take place between nodes that do not necessarily have 
anything to do with the distribution or control of electricity consumption; the mains can 
simply be used as a data pipe.
Uses for communications within the consumer's premises include in-home audio, such as the 
commonly available 'baby listener' devices. A local area network product for offices using the 
low voltage mains (the Verran AC Datalink) is described in [NUNN].
There are also many specialised niche applications which use the mains supply within the 
home as a convenient data link. For example, in the UK and Europe a TV audience 
monitoring system developed by AGB Ltd uses the mains as a convenient data path between 
devices that monitor TV viewing activity in different rooms in a home and a data concentrator
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which is connected to a telephone modem. This allows TV audience viewing statistics to be 
collected automatically.
2.5.1. Example Mains Communications Systems
The following is a short list of some example systems that have been used or tested in actual 
applications, with references to more detailed descriptions. There exist some large scale trials 
- Wisconsin Electric has equipped 50000 homes- but in the context of the application 
(electricity metering) the mass market has not yet taken off.
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Table 2-2 Examples of Mains Signalling Applications
Organisation Country Application Mains
Transmission
Scheme
Reference & 
Date
AGB Europe TV audience 
research
Narrowband Private
communication,
1990
Brown Boveri Europe remote metering Narrowband, fast
frequency
hopping
[HAGMANN],
1989
Central and south 
West
USA Remote metering 
of 2500 homes
Lonworks DSSS Lonworks 
publicity, 1997
Detroit Edison USA Remote metering 
of 1000 homes
Lonworks DSSS Lonworks 
publicity, 1997
IEI Israel Remote metering not described [GOLINSKY],
1992
Kansai Electric Japan Remote
Metering
not described [WAJDA], 1992
Kobenhavns
Belysnigngsvaesen
Denmark Remote metering Lonworks DSSS Lonworks 
publicity, 1997
Landis & Gyr France Remote metering narrowband with
frequency
diversity
[SCHAUB], 1992
Northern Electric, 
GEC, Vynicker
UK Remote metering spread spectrum [WILDE], 1992
Siemens
Measurements
UK Remote
Metering
Narrowband with
frequency
diversity
[SHEPPARD],
1992
Chapter 2 15
Powerline Communications using the low voltage mains supply in the CENELECfrequencies
Tokyo Electric 
Power Co
Japan Remote metering Narrowband [KAMINO], 1992
Thom EMI 
electronics (now 
named 
Mainsboume 
Communications)
UK remote metering, 
lighting
spread spectrum [BILLINGTON],
1992
Thom Lighting UK Lighting control Spread spectrum [JONES], 1993
Verran UK local area 
network
Narrowband [NUNN], 1992
Wisconsin 
Electric, 50000 
homes
USA Remote metering Direct sequence 
spread spectrum
Lonworks 
publicity, 1997
2.5.2. Components
A number of manufacturers produce components for mains communications, most notably:
• Alcatel, whose MTS-30585 power line modem uses two widely separated FSK signals for 
binary signalling [ALCATEL];
• SGS Thompson, whose ST7537 is EHS compliant, using MFSK modulated signals in 
bands B and C [SGS];
• Echelon, whose PLT-22 is EN50065 compliant and transmits at a 2 kilobits per second 
bit rate, using BPSK. Echelon also market the PLT-30 using direct sequence spread 
spectrum in band A [ECHELON95, ECHELON99].
The fact that these modems implement entirely different communications techniques is
further evidence that the technology is far from stable.
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2.6. A Model of the Mains Communications 
Channel
This section gives a brief summary of the signal impairments on the mains. To construct an 
adequate model we must identify and identify the range of any parameters so that the variety 
of situations modelled reflects variability in the real world.
A considerable mythology has grown up regarding the mains communications channel. It is 
variously described as extremely time variant or extremely noisy. In fact there are many 
circumstances where neither of these two statements are true; for example if the mains is used 
for signalling on a single supply phase it normally has an excellent signal to noise ratio. The 
key channel characteristics such as attenuation are very stable over the course of many hours.
The electronic signals modelled in this study have a frequency in the order of several tens of 
kilohertz. Point to point transmission using line-neutral signalling is described using a two 
port model, comprising one port for the transmitted line-neutral signal and one for the 
received signal (a so called ‘link level’ model). The complex envelope representation is used, 
following the treatment by Haykin [HAYKIN]. There is no attempt to model the propagation 
of the signal across the mains network or to relate characteristics to the physical construction 
of the network.
2.6.1. Key Modelling Assumptions
This study is primarily concerned with applications that use the mains communications link 
for low data rate, non-time critical telemetry or control. Exemplar applications that fulfil these 
assumptions are domestic energy management systems, utility metering and tariff control 
[SHEPPARD]. These have no critical safety or security implications if the link becomes 
temporarily unusable and the application can tolerate a certain amount of delay. Data 
throughput is naturally packetised. The measurements concentrate on short ‘burst mode’ 
transmissions, motivated by the example the cited work gives of a system designed for utility 
metering where one master unit polls up to several hundred slave units using burst 
transmissions lasting in the region of 2 seconds. Where a specific data rate is required, a 
nominal value 100 bps is used, although the actual throughput of user data will be less than 
this, taking in to consideration protocol overhead, error correction coding and the half duplex 
transmission.
Powerline Communications using the low voltage mains supply in the CENELEC frequencies
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The error performance objective is that after demodulation and forward error correction at 
least 90% of packets should be received without any errors: for non-time critical telemetry 
applications it is acceptable that remaining packets (fewer than 10%) can be rejected at the 
receiver and retransmitted using an automatic repeat request protocol. To achieve an overall 
packet error rate under 10% with a packet length of 100 user data bits requires a user data bit 
error rate of under 10'3 (i.e. after demodulation and any forward error correction).
If a packet does contain an error, the probability of accepting it can be made as low as desired 
by using error detection techniques such as cyclic redundancy check codes; for example the 
sixteen bit CRC-16 code described in [HAYKIN] achieves a detection probability of better 
than 99.99% averaged over all error patterns, and in particular detects all error bursts of 16 
bits or less. Time between transmissions to a given slave unit may be the order of minutes. 
We also examine how channel characteristics change over timescales of minutes to hours. 
Where it is used for control, we assume activation time is not critical, at least to the extent 
that a delay in the order of several seconds will not make a material difference. These 
considerations do not mean that the results of this study are inapplicable to other potential 
uses of the mains communications link, for example voice or streamed data. However 
wherever the study needs to set an ‘operating range’ such as data rates or bit error rates, this 
will be chosen with the low data rate telemetry application in mind.
Only a narrowband model will be developed. The portion of the electromagnetic frequency to 
be modelled will include a bandwidth in the order of 500 Hz around the carrier frequency. At 
this bandwidth the principal impairments are shown to be non frequency selective.
It is not expected that the model will have universal applicability to all situations; the 
empirical results on which it is based are limited (see section 2.6.4) and the mains 
communications channel is a heterogeneous environment subject to many special man-made 
phenomena. Considering the limited nature of these results, the aim will be to model 
behaviour within the inner 90 percentile ranges of key parameters.
2.6.2. Summary of Key Impairments
This section summarises the key impairments that were found to affect the mains 
communications channel, which have previously been described in [COOPER]. It contains a 
qualitative description; quantitative evidence and greater detail will be provided in later 
chapters. The key result is as follows. If the complex envelope of the transmitted narrowband
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signal is s(t) and is transmitted at centre frequency f  then to a good approximation, the 
complex envelope of the received signal can be written:
r(t) = s(t -  r)mf  (t) + nf  (t)
where m/t) is a complex valued multiplicative process (producing both amplitude and phase 
modulation), n/t) is the additive in-band noise process and r represents a pure propagation 
time delay. Both m/t) and n/t) vary in frequency and time. The time delay can be neglected 
for practical purposes and we can write:
r{t) = s{t)m f {t) + nf  (t) [2- 1]
Briefly, the channel model includes noise, time and frequency variance and non-linearities but 
is memoryless. The salient features are now summarised.
Attenuation. Performance is ultimately limited by attenuation and noise. See chapter 4 for a 
detailed analysis.
Additive Narrowband Noise. There are frequency selective interferers on the mains, i.e. at 
certain frequencies the noise spectral density is significantly greater than the average value. 
However due to spectral spreading caused by impedance modulation the spectrum of even 
narrowband noise sources extends over at least 1 kHz: from the perspective of a receiver with 
bandwidth less than 1 kHz, all noise sources are broadband. See chapter 4 for a detailed 
analysis.
Additive broadband noise. The mains is a noisy channel: it generates background wideband 
additive noise present across the entire frequency range of interest. An illustrative measured 
noise spectral density figure would be -100 dBV/Hz in a single phase domestic environment. 
The average noise level can vary as a function of frequency, time and location. See chapter 4 
for a detailed analysis.
Multiplicative Distortion Process. Time varying multiplicative distortion is caused by 
modulation of the mains impedance mentioned by O'Neal [ONEAL]. It occurs because the 
mains network contains non-linear devices which switch when the power voltage crosses a 
certain value. This causes loads to switch in and out of the mains network at rates which are 
multiples of the line frequency (50Hz), modulating the impedance of the mains network. If the
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impedance modulates at multiples of the AC cycle frequency then so does m/t). See chapter 6 
for a detailed analysis.
Other impairments. No other significant impairments have been reported. In particular 
multipath effects are not significant (see section 4.4.3).
2.6.3. Error Performance Operating Range
Section 2.6.1 justified the requirement for a user data error rate of better than 1 in 103 bits: 
this sets the required operating range of the entire receiver structure, including the 
demodulator and any forward error correction. This requirement determines the operating 
range in which the demodulator should perform.
User data may be transformed before modulation using an error protection encoding scheme, 
for example a rate A convolutional code generates two coded bits for each uncoded user data 
bit. At the transmitter the coded bits are modulated and transmitted over the data channel. 
Ideal interleaving is assumed to ensure that errors in received uncoded bits are independent. 
At the receiver the demodulator passes information about the sequence of received coded bits 
to a convolutional decoder which generates the received uncoded bit sequence. Assuming that 
the errors in the bit estimates provided to the decoder are independent it is possible to ensure 
that the received error rate of the uncoded bits is much smaller than the error rate of the coded 
bits. For example, using a rate A convolutional code with a constraint length of 7 in the 
presence of AWGN using binary PSK modulation and hard decision decoding2, a decoded 
error rate of 10‘3 is achieved at Eb/N0 =5dB [PROAKIS]. At this operating point the bit error 
rate in the received coded bits is around 4*1 O'2. This latter figure defines the operating point 
of interest for coded transmission. The coding gain quoted in [PROAKIS] is 3.8 dB.
In addition the performance of uncoded transmission schemes is examined. In this case it is 
necessary to model bit error rates of as low as 10'3 , since the user data is directly output by 
the demodulator.
2 Since the performance of soft decision decoding is sensitive to the exact statistics of the 
noise process, and model of the noise process developed in chapter 5 is only a rough 
approximation to the true situation, in this analysis only hard decision decoding techniques 
are considered. To use soft decision decoding based on the noise model would risk claiming 
gains that would not be achieved in practice.
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Convolutional encoding in conjunction with FSK signalling is described in [CHAN94], and a 
rate I/2 code with a constraint length of 7 is reported to give considerable coding gains in 
practical trials.
2.6.4. Overview of Empirical results
The model is based on experimental readings taken in over 20 different experiments (see 
Table 2-3). Over 15 different locations, in Britain and continental Europe, were used to 
perform these experiments, although in a few locations more than one experiment was 
performed on different dates.
Experiments have predominantly been performed with the transmitter and receiver within one 
building. The results therefore reflect experience of indoor conditions as opposed to outdoor 
utility cabling conditions. Measurements were made using signalling frequencies in range 40- 
90 kHz, part of the utility band defined in the European mains signalling Standard 
[EN50065].
In each experiment unmodulated carrier bursts lasting several seconds were transmitted at six 
spot frequencies: 40, 50, 60, 70, 80 and 90 kHz. A two second window of the received signal 
was observed and recorded. The noise process at these spot frequencies was also observed 
and recorded immediately afterwards (in this case for one second). This process was repeated 
at hourly intervals for up to six hours, depending on the time available for the experiment.
The consumer premises in which measurements were taken can be subdivided into two 
categories: domestic and light industrial. The domestic category is characterised by a single 
phase supply to the consumer’s premise and a residential location (either urban or rural) away 
from significant industrial activity. The light industrial category includes hotels and offices, 
which typically have a three phase supply.
To provide empirical data a measurement campaign was carried out at four principal types of 
locations:
Domestic locations, both in town and country.
Hotels, in UK and Europe.
Offices
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The following table lists the date and location of all experimental measurements used in this 
document. For brevity, when a particular result is referred to the abbreviation in the left hand 
column is used.
Table 2-3: List o f experiments
Domestic Locations
Abbreviation, and 
date
Location Comment
BARN: 15/2/98 The Bam, Stonethwaite, Cumbria, UK Rural location.
HOME19HD:
01/01/99
19 Hamilton Drive, Kelvinside, Glasgow Residential
HOME23KG:
31/12/98
23 Kingsborough Gardens, Hyndeland, 
Glasgow
Residential
HOME40T: 7/2/98 40 Teignmouth Rd, NW London fine noise spectrum not 
recorded. Two 
measurements separated 
by 0.4 hrs
HOME40T:
25/12/98
40 Teignmouth Rd, NW London Residential
HOME49C:
8/11/97
49 Crediton Rd, Queens Park, London, 
UK
Residential. Noise 
process and fine noise 
spectrum not recorded.
HOME49C:
21/3/98
49 Crediton Rd, Queens Park, London, 
UK
Residential
HOME73A:
13/1/98
73 Acacia Grove, New Malden, London, 
UK
Residential
HOME73A:
18/1/98
73 Acacia Grove, New Malden, London, 
UK
Residential
Chapter 2 22
Power line Communications using the low voltage mains supply in the CENELEC frequencies
HOME73A:
19/12/98
73 Acacia Grove, New Malden, London, 
UK
Residential
HOME73A:
11/01/99
73 Acacia Grove, New Malden, London, 
UK
Residential
HOME75AL:
28/3/98
75 Alric Ave, New Malden, London, UK Residential
HOME9SJS:
02/01/99
9 St Johns St, Beverley. Residential
Hotels
Abbreviation, and 
date
Location Comment
HOTEL_MH:
16/1/98
Morton House Hotel, Corfe Castle, 
Dorset, UK
Hotel in small village
HOTELPH:
24/1/98
Post House Hotel, Reading, UK, Industrial area
HOTELH:
27/1/98
Hotel Harvey, Paris, France City centre
HOTELJPS:
17/9/98
Novotel, Ipswich, UK Town centre
HOTELJD: 9/6/99 Hotel L’Etoile, Antibes, France Town centre
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Offices
Abbreviation, and 
date
Location Comment
OFFICEN:
26/11/97
Imperium, Imperial Way, Reading Large office block, 
several hundred office 
equipment users. Cross 
phase.
OFFICEN:
27/11/97
Ditto Ditto
PALAIS_DE_C: 
29/01/98 am
Palais de Congres, Paris Large convention centre
OFFICE-TM:
26/11/98
Cleeve Rd, Leatherhead Large office block
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3. Measurement Equipment Design
and Performance* > t ‘»Aia»3feA>5»t»SB»K £ dt« 2 . «
Chapter 3 describes the design and specifies the performance of novel measurement 
instrumentation developed as part of this project. This instrumentation is called the Channel 
Probe and has been developed to measure the transfer characteristics of the mains.
The Channel Probe comprises two identical mains modem units which are connected via a 
coupling network and ordinary power outlets to the domestic mains electricity supply. The 
modems co-ordinate their activities using mains communications. The great advantage of 
using the mains for communications is that these units are able to co-ordinate their activities 
when performing measurements without requiring special wiring, and can be situated in 
different rooms or even different buildings (providing these are not too far apart).
Each modem contains a narrowband quadrature receiver and transmitter tuneable in the range 
40-90kHz. Both tune to the same nominal frequency, the transmitting modem generates a 
continuous carrier and the receiving modem records a two second sample of the complex 
envelope. The nominal receiver bandwidth is 500 Hz. A limitation of the receiver structure is 
that it cannot perform broadband phase coherent measurements (in this context broadband 
means »0 .5  kHz).
The modems use independent crystal oscillators: any frequency and phase mismatch is 
estimated and corrected digitally. Total harmonic distortion of the transmitted signal 
referenced to the mains side of the coupling transformer is less than -60dBc. The receiver 
samples at 1600 Hz and total harmonic distortion of the digitised samples is at most -49dB 
relative to full scale for carriers in the dynamic range -5dBV(max) to -75dBV (min). An 
automatic gain control algorithm ensures that average received signal power is about 12dB 
below full scale.
To measure the transmission characteristics of the mains network, one of the units transmits a 
signal into the mains network while the other unit measures the received signal. For received 
noise measurements only the receiver operates.
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Although the channel probe can take measurements at multiple frequencies, each 
measurement applies to a narrow frequency band and the instrument has to re-tune between 
measurements. Hence the Channel Probe is incapable of performing coherent measurements 
that would need wideband reception, and for example it cannot measure group delay 
variations across wide frequency bands. Therefore the resulting channel model concentrates 
on those parameters that are significant for narrowband communications.
The Channel Probe measures distortion and noise by transmitting a sinusoidal signal from a 
mains modem at one location and performing narrowband measurements using a modem at 
another location acting as a receiver. When measurements are being performed, the two 
modems communicate (using the mains as a communications link) in order to synchronise 
transmission, reception and measurement activities. The modem which is taking the 
measurements acts as a master and controls the activity of the other modem which acts as a 
slave using mains communications (see Figure 1). By co-ordinating the activities of the 
transmitter and receiver it is possible for the modem acting as a master to make measurements 
of the channel transfer function over a range of frequencies; to examine the channel transfer 
function the master directs the slave to send a test signal on a particular frequency, tunes its 
receiver to that frequency and logs the received signal to a PC. To record the noise process, 
only one modem is used; the receiver is tuned to a particular frequency and the received 
signal is logged to the PC. The details of the communications scheme used by the channel 
probe are described in section 3.4.
__l------ 0™ I
IBM Compatible
Mains Modem
D om estic  M ains
(Master)
Figure 1 Measurement System Overview
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3.1. Mains Modem Architecture
The principal components of the mains modem are a microcontroller, a DSP (TI32015), the 
mains transmit and receive hardware and a line coupling circuit. A special purpose mains 
communications ASIC implements several of the functions in the mains transceiver. The 
overall structure of a mains modem is shown in the figure below. The overall operation of the 
modem is controlled by an NEC V25 microcontroller.
The mains transceiver is capable of half duplex mains communications using a narrowband 
signal in the 40-90 kHz band. Both the transmit and receive paths are connected to the mains 
via a line coupling transformer.
A special purpose mains modem ASIC provides a number of functions on both the transmit 
and receive paths, including D to A conversion, A to D conversion, programmable gain and 
digital signal synthesis.
The modem receivers are implemented using a 'direct conversion' architecture which converts 
the received signal to baseband in-phase and quadrature (IQ) signals. The transmitter section 
uses direct digital synthesis. A fuller description of the mains modem receiver and transmitter 
architecture is given below.
The microcontroller is responsible for system control and can communicate with external 
equipment (such as a personal computer) via a serial link. The DSP is responsible for 
communications functions such as signal processing of the IQ signals and control of the mains 
transceiver hardware. The microcontroller interfaces with the DSP via an 8 bit parallel 
interface, and with a host PC via a serial port.
For a typical experiment, one modem transmits a known signal while the other modem (the 
'measuring receiver') records the received signal (as IQ samples) at a different location. For 
some experiments (e.g. measurement of background noise) only a receiver modem is needed. 
The received signal is recorded as baseband in-phase and quadrature samples.
For purposes of storing and analysing samples, the measuring receiver is connected to a 
personal computer, since the storage capacity of the microcontroller is comparatively limited.
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3.2. Transmitter Path Architecture
The transmitted carrier signal is generated digitally using a direct digital waveform 
synthesiser implemented in the mains modem ASIC, which is capable of digitally synthesising 
sine waves to a frequency resolution of 0.5mHz. The frequency and duration of the 
synthesised waveform are controlled by the DSP, which by appropriate control can generate 
an approximation to any constant envelope waveform by transmitting a waveform whose 
frequency is piecewise constant (phase is preserved when the frequency changes).
The digital signal is converted to an analogue waveform by a D to A converter on the ASIC. 
The D to A converter also provides programmable gain. The signal is then passed through a 
band filtering network before being fed into a power operational amplifier (the Texas 
Instruments TLE2301). This provides high output current drive prior to being transmitted 
onto the mains network via the line coupling transformer.
Transmit Path
Mains modem ASIC functions 
are shaded
Figure 3-2 Transmitter Path Architecture of Channel Probe
3.2.1. Transmitter Path Performance
The requirement of the transmitter path is that it has sufficiently good performance that any 
distortion measured by the receiver is a product of the channel or receiver itself, not the 
transmitter. The distortion introduced by the transmitter should be negligible, when taken in 
the context of channel distortion and receiver distortion.
Total harmonic distortion of the transmitted signal referenced to the mains side of the 
coupling transformer is less than -60dBc. This is negligible compared to signal distortions 
introduced by the mains channel.
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The circuit is designed to provide a transmission level of 116dBuV nominal into a load of 4
ohms within the signalling band of 40 to 90kHz, which is conformant with the maximum
signal levels specified in standard EN50065.
3.3. Receiver Path
The receiver hardware uses a ‘direct conversion’ IQ demodulator architecture. It consists of
the following sections:
• A front end line transformer coupling section. This connects the equipment to the mains 
supply and provides a safety barrier, transmitting signalling frequencies but providing a 
low frequency rolloff which blocks the 240V AC mains voltage. The turns ratio of the 
coupling transformer provides 5dB gain over 40-90 kHz.
• An attenuation and band pass filtering section. In this section, the high pass filtered signal 
from the line coupling section is attenuated by approximately 18dB. This is to ensure that 
high amplitude transients associated with the 50 Hz cycle do not saturate the amplifier. It 
is then passed through a band selection filter to eliminate frequency components outside 
of a 40-90kHz signalling band.
• A front end gain control section, which accepts the band pass signal and applies gain to it 
under software control.
• A local oscillator, whose input is a digitally selected oscillation frequency under DSP 
software control, generated by the ASIC and whose output is the cosine and sine of the 
instantaneous phase angle.
• A mixer section, which accepts the capacitatively coupled signal from the front end gain 
control section, routes it via two separate paths in which it is multiplied by the cosine and 
sine output of the local oscillator. The former path is called the in-phase signal (I), and 
the latter is called the quadrature signal (Q). These are then output to the...
• Antialiasing filter section, in which the in phase and quadrature signals are subjected to 
low pass filtering, and fed into the back end gain section.
• Back end gain section, in which a gain factor is applied before the signals are fed into the 
analogue to digital converter.
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• Analogue to Digital Conversion section, which allows software to sample the filtered I 
and Q signals.
The function of the IQ demodulator is to reconstruct the baseband version of the complex 
envelope of the transmitted signal, following [HAYKIN]. As a detail of hardware 
implementation it should be noted that the incoming signal is mixed to baseband and the 
mixer output is led via a DC amplification path to the A to D section. Since these amplifiers 
are affected by DC offsets the back end part of the circuit also includes DC offset cancellation 
electronics. The overall structure is shown below.
Figure 3-3 Channel Probe Receive Path Architecture
3.3.1. Receiver Dynamic Range Requirements
A mains receiver must cope with an enormous voltage range, being capable of distinguishing 
microvolt signals buried in a 240 volt waveform. Initial selectivity is achieved by the coupling 
network; for example, the TLE2301 application report [TI] describes coupling networks 
which provide safety isolation from the 240V supply, reject frequencies on the mains network 
below 40kHz and provide a flat response over the range of interest. Further selectivity is
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achieved by multiplying the incoming signal by a local oscillator and filtering. After this, only 
in-band noise is present.
The maximum in-band power a receiver would experience is in a situation where it receives a 
transmitter signal with little attenuation. This would be 116dB|iiV (0.6V), the maximum level 
permitted by CENELEC regulations (at this signal level, the contribution from noise power 
would be negligible).
The bottom end of the sensitivity range is determined by the minimum in-band ratio of signal 
power to noise power at which data can be received satisfactorily. This is unlikely to be much 
below the noise floor. From the measurements of background noise we have seen that the 
signal to noise ratio at the transmitter could be 70dB, so a dynamic range of at least 70dB is 
required.
3.3.2. Verified Receiver Dynamic Range
The dynamic range of the measurement receiver is at least 70dB. The verification process is
as follows.
Noise Floor
All measurements at the receiver are done at a nominal bandwidth of 500 Hz, and all power 
levels in this section are quoted @500Hz bandwidth (i.e. subtract 27dB to convert to dB/Hz). 
This bandwidth is determined by the anti-aliasing filters in the baseband receiver section (and
is twice the bandwidth of the individual I and Q channel filters).
We now show that the receiver has an effective noise floor whose level is below -85dBV, 
referenced to the mains signal on the mains network. To determine this, the following steps 
were carried out:-
• Set up DC offset cancellation voltages, using DC offset cancellation algorithm (at 
maximum gain this leaves a residual DC offset of 150mV maximum).
• Ground input to the front end amplifier stage (using the on chip facility that supports this 
function)
• Set all amplification stages set to maximum (giving total gain of 97.5dB, 38.75dB in front 
end and 58.75dB in back end).
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• Measure resulting signal, which is a result of receiver front end noise at maximum 
amplification.
In an ideal receiver the resulting signal to the A to D would be zero. In fact the resulting 
signal was an irregular waveform its largest excursion having an amplitude 0.8 V p-p, 
indicating a noise power < -5dBV. The receiver self noise level is non white having a period 
of approximately 20ms.
It is believed that this waveform is caused by digital noise from the mixer. To confirm this the 
gain of each back end gain stage was altered, and the amplitude of the waveform was seen to 
scale accordingly, indicating that it had passed through all back end gain stages. However the 
waveform was independent of the front end gain setting, which indicates that the noise is 
inserted between the front end gain stage and the back end gain stages, and thus the most 
probable source is the mixer.
Therefore the principal source of receiver self noise is at a level of -(5+58.75)= -63.75dBV 
inserted by the mixer. Setting the front end gain to maximum does not change this: the noise 
out of the front end amplifier is small compared to the noise injected by the mixers. 
Maximising the setting of the front end gain (38.75 dB) the effective noise floor referenced to 
the input of the front end PGA is -(63.75+38.75)dBV, i.e. to nearest whole number -102dBV 
(that is, -126dBV/Hz).
To reference this to the mains input we add 15 dB, giving the result -87dBV (this 
compensates for the gain of the line coupling transformer and the loss in the attenuation 
network). Both networks are passive, linear and for all practical purposes noiseless. Hence the 
assertion that the receiver sensitivity is better than -85 dBV.
The following chart plots indicates the signal levels through the various stages of the receiver 
path for two extreme cases:
A signal with an input power 116 dBpV = -4dBV , which is the highest power signal that 
can be received without any part of the receiver enteming compression.
A signal with an input power at the receiver sensitivity level of -85dBV
The target level at the A to D is OdBV. Note that the SINAD of the signal presented to the A 
to D decreases from approximately 83 dB to 2dB as the signal level decreases from -4dBV to 
-85 dBV. The stages shown are as follows:
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- amplitude on secondary winding of line coupling transformer
- amplitude after attenuation network
- amplitude after front end gam
- amplitude after back end gain
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stage
‘ input -4dbV 
input -85 dBv
Signal level through receiver
i
Figure 3-4 Receiver Gain Stage Analysis
Compression Point
The bandwidth of the mixer input is 40 kHz (46dB Hz) and the mixer operates without 
compression up to a signal level of +3V (10 dBV), that is 10-46= -36dBV/Hz. The receiver 
dynamic range in the presence of a signal of constant spectral density is given by 
(compression level)- (noise floor), which is 90dB.
In practice, however, the signal into the mixer does not have uniform spectral density. 
Typically there are narrowband frequency sources that are up to 20dB higher than the noise
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floor, and these will cause the mixer to saturate first. So in practice a 70dB dynamic range can 
be expected.
3.3.3. Receiver Path Performance
The fundamental requirement on the receiver is to introduce an order of magnitude less noise 
or distortion into the received signal than the channel itself introduces. This is so we can be 
confident that noise and distortion in the received waveform is due to the channel, and are not 
an artefact of the receiver.
The band selection filter has negligible attenuation or group delay variation throughout the 
40-90kHz band and a nominal insertion loss of 3dB.
The front end PGA amplifies the received signal in the range 0- 38.85 dB, selectable in steps 
of 1.25 dB. Its full power bandwidth exceeds 150kHz, well above the maximum frequency of 
interest. Its noise spectral density referred to input is < -120 dBV/Hz, well below the receiver 
noise floor.
The I and Q mixing DACs are implemented using multiplying DACs which perform a digital 
to analogue conversion of the 8 bit digital local oscillator signal using the received analogue 
waveform as the voltage reference; the output is an analogue signal which is the product of 
the received waveform multiplied by the digital local oscillator signal. The multiplying DACs 
have an analogue response which is flat over the frequency range of interest. The distortion 
due to digital quantisation is negligible compared to distortions introduced by the channel.
The back end PGA amplifies the low pass signal providing a programmable gain in the range 
0- 58.75dB selectable in steps of 1.25dB. In practice three amplifier stages are used, each 
having a maximum gain of 20dB. The gains in the I and Q paths are programmed together.
To cancel DC offsets arising from the back end PGAs, software controlled offset cancellation 
circuitry is provided which enables the residual DC offset to be limited to <150mV at the 
amplifier outputs.
The resulting signal is digitised using 8 bit A to D converters having the following 
performance:
Differential non linearity <0.5LSB
full scale non linearity <1 LSB
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total harmonic distortion <-49dB
3.3.4. Receiver Filters
High frequency products from the mixing process are removed by the low pass baseband 
filters on I and Q. The following figure shows the amplitude response of the 250Hz third 
order Butterworth analogue filter used to filter the I and Q baseband signals (which together 
provide a complex signal bandwidth of 500 Hz).
Frequency response o f 3rd order Butterworth low pass 250 Hz filter
Frequency (Hz)
Figure 3-5: frequency response of baseband filter 
3.3.5. Receiver linearity
Measurements were taken specifically to ensure that the results were not affected by artefacts 
of receiver imperfections, for example amplitude clipping. The signal voltage level at various 
key points in the receiver path were measured using an oscilloscope while a signal was being 
received from the remote unit.
The signal from the transformer, prior to filtering by the bandpass network, had a IV 
excursion about its mean level. The bandpass filter network was therefore operating in its 
linear region (since it uses 5V linear electronics).
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The band filtered signal into front end gain stage had peak voltage excursion of 0.1 V around 
its mean, well within the linear region of the gain amplifier. This had a strong component at 
the frequency of the tone.
The gain of the front end amplifier was OdB, and the mixer input had a peak voltage excursion 
of 0.1V. Therefore the mixer was not operating in compression.
The signal level into the low pass filter network also had a peak voltage excursion of 0.1V, 
and the low pass filtered signal had a peak voltage excursion of 50mV. Therefore the I and Q 
low pass filter networks and back end amplifiers were operating in the linear region. Lastly, 
the signal level into the A to D had an excursion of about IV, consistent with a back end gain 
setting of 3OdB.
3.4. Channel Probe Mains Communications
A communications protocol is needed to allow two modems comprising the channel probe to 
co-ordinate their activities. The most convenient option is to use the mains network itself as a 
communications link. Although this approach could prevent measurements being made on 
particularly noisy mains links, the alternative of using a separate wired data connection 
between the two units would have imposed even more severe limitations on the possible 
measurement; for example house to house measurements would have been impractical.
One of the units acts as a 'master' and the other as the 'slave'. All communications is initiated 
by the master modem; the slave modem only ever transmits when instructed to by the master, 
for example to respond to a request for information. Communications is half duplex, and the 
same frequency is used in both directions. The mains modem uses signals in the 40-90kHz 
frequency range. This is a subset of the frequency band reserved for utility signalling in the 
relevant European Standard, EN50065.
The protocol as implemented on the channel probe does not make use of frequency diversity 
although the architecture is capable of this. At present the modem communicates using a 
single selectable narrowband frequency channel at 65.5 kHz. Access to that channel is 
arbitrated by the 'master' unit operating a polled half duplex protocol. The master unit can in 
principle communicate with many slave modems listening to the same channel by addressing 
messages to a particular slave, but for the channel probe only one slave modem is used. All 
communications on the channel is initiated by the master modem, which sends 'poll' messages 
the slave modem. When the slave modem receives a message, it determines whether it is 
appropriate to transmit a response and does so if appropriate.
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The modulation scheme is Octal 1REC, a continuous phase modulation scheme 
[ANDERSON]. The symbol rate is 100 baud yielding a data rate of 300 bits per second. 
When demodulating a signal the modem functions as a partially coherent receiver; it attempts 
to approximate as closely as possible to the behaviour of a 'coherent receiver', in order to 
exploit the performance gains that this confers.
The partially coherent nature of the measurement imposes a limitation, since the master 
modem does not have access to the phase of the transmitted signal. It therefore cannot 
measure the absolute phase shift or time delay introduced by the channel. However, for the 
purposes of the channel model this is not important, since we are not trying to model 
propagation effects. In the channel model the phase of the received signal will always have a 
random initial phase and pure time delay is ignored.
3.4.1. Message Structure
Messages are transmitted in bursts, which are in the order of two seconds long and contain 
two sections. The first section is a training sequence, which contains a fixed sequence of 
symbols. The purpose of the training sequence is to allow the receiver to estimate any 
frequency offset with the transmitter, the symbol timing of the transmitter and the optimum 
gain setting. Only the slave needs to estimate frequency offset; it is then responsible for 
adjusting its own transmit frequency to that of the master. As the channel probe is presently 
implemented symbol timing need not be coherent from burst to burst. Doing so might confer 
some performance advantage by permitting a shorter training sequence, but in the channel 
probe application it was simpler to use a longer training sequence than necessary.
The second part of the message is the transmitted data itself, which is of variable length. The 
contents are protected against error using cyclic redundant code techniques.
3.4.2. Background Polling
The master unit is connected to a PC which controls its activities and records results. There is 
a simple application protocol, which is implemented on the microcontroller. Immediately after 
it is switched on, the master starts transmitting POLL_REQUEST messages to the slave. The 
POLL_REQUEST message provides an opportunity for the slave to estimate the precise 
transmission frequency of the master. If the slave correctly decodes the POLL REQUEST 
message it replies with a POLL RESPONSE message which give the master an opportunity 
to detect the presence of the slave unit.
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Unless instructed otherwise by the PC the master repeats the POLL_REQUEST transaction 
indefinitely. This ensures that if the slave unit is present it has continual opportunities to 
acquire the transmission frequency and compensate for effects such as oscillator frequency 
drift with temperature.
If the master unit does not detect a POLL RESPONSE message in response to a 
POLLREQUEST message after a certain timeout, it repeats the POLL_REQUEST message.
3.4.3. Tone Generation
In order that the characteristics of the mains channel can be measured, it is necessary for one 
modem to transmit a known signal while the other listens. To achieve this the master unit 
instructs the slave unit to transmit an unmodulated tone for a given amount of time, at a given 
amplitude and frequency.
The protocol is as follows. The master unit transmits a REMOTE_TONE_REQUEST 
message. This contains the desired frequency, duration and amplitude of the tone that the 
slave unit should transmit.
On receiving this message the slave unit immediately starts to transmits the requested tone for 
the requested amount of time. During this time the master can measure the received IQ signals 
in the knowledge that a particular signal is being transmitted. The master must allow 
sufficient time for the gain stages to settle before recording the digitised IQ samples.
After the slave has transmitted the requested tone, it transmits an acknowledgement message 
(REMOTE_TONE_ACK). This informs the master that the slave successfully received the 
REMOTE_TONE_REQUEST message and also that it has now finished transmitting the 
tone.
The master regards non-detection of the REMOTE_TONE_ACK message as an error, and in 
this situation it cannot be sure that the requested signal was transmitted. Any readings taken 
are abandoned and the process can be retried.
3.5. Recording IQ Values
In receiver mode the mains modem is capable of logging received IQ samples continually. 
These are uploaded from the DSP to the microcontroller in real time and are stored in the
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microcontroller data memory. While logging IQ samples the modem cannot perform ordinary 
reception and cannot communicate with another unit.
Due to the slow rolloff of the baseband filters it is desirable to digitally sample the signal at a 
rate well above the nominal 3dB cut-off. In fact the receiver samples at a rate of 1600 times a 
second, which ensures that any noise components aliased into the sampling bandwidth are 
attenuated by at least 30dB (see figure 3-5 showing frequency response above).
Since microcontroller RAM space is limited only about 3200 consecutive IQ samples can be 
collected, i.e. two second's worth.
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4. Attenuation and Noise:
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4.1. Introduction
Chapter 4 discusses attenuation and noise power as a function of frequency and time. Some 
results are available in the existing literature, specifically the relation of attenuation and noise 
with frequency, and these are presented. However certain results are new, specifically: 
evolution of attenuation with time, evolution of noise power with time and the simultaneous 
consideration of signal attenuation and noise power. Many new empirical results are 
presented.
This chapter describes the properties of the received signal power and noise process power 
once they have been time averaged over timescales much larger than that of an AC cycle: in 
practice at least 1 second. Rapid variation in both received signal phase and amplitude and 
noise phase and amplitude takes place during each AC cycle and these phenomena are 
examined in chapters 5 and 6.
Of all the key parameters of the mains communications channel, average attenuation and 
noise power are covered best in the existing literature. We review the literature at the end of 
this chapter. However the measurements presented here do add some new viewpoints, 
specifically:
• Simultaneous measurements of noise power and attenuation, to demonstrate the effective 
signal to noise ratio.
• The dynamics of noise and attenuation power variation as a function of time and 
frequency.
Attenuation and noise place the ultimate limitation on the performance of mains 
communications systems; at some point the signal is so attenuated that background noise 
prevents its recovery. The dominant source of noise is in the channel itself, generated by
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switching loads. Internal receiver noise should not impact performance, provided that the 
dynamic range of the receiver is sufficient. The dynamic range requirements for a mains 
receiver are defined by two limits: the upper limit is the power of the strongest transmitted 
signal, and the lower limit is the level of the background noise. In practice 70 dB would cover 
the vast majority of situations (see Chapter 3).
The background noise process depends on the location of the receiver, the frequency to 
which the receiver is tuned, the bandwidth of the receiver and the time of measurement. In 
principle it is also dependant on the location and state of any transmitter, since a transmitter 
will have a finite source impedance at the signalling frequency; however this effect can be 
neglected provided there is appreciable attenuation between the transmitter and receiver, as is 
typically the case. The background noise power is measured in power per unit bandwidth 
compared to some reference level, for instance dBV/Hz.
The background noise is measured by monitoring the received signal while the transmitter is 
switched off. While it is in principle possible to measure additive noise while a known signal 
is being transmitted there are two problems: first the received signal is subject to distortion as 
well as noise and separating these effects is difficult; second, the range between the received 
signal power and the noise process power would require a receiver with a relatively high 
dynamic range.
Attenuation depends on the location of both the receiver and transmitter, the frequency of 
transmission and the time of the measurement. Ideally attenuation would be measured as 
power loss per unit of distance. Unfortunately it is often difficult to measure ‘distance’ 
accurately, since cable paths are not always known. In any case other factors intrude, for 
example the question of whether the transmitter and receiver are on the same or different 
phases of the 3 phase supply. Instead the more practical alternative of measuring attenuation 
in ‘typical’ situations is used. Of these, one of the most important is when the transmitter and 
receiver are in the same house and on the same phase, and this chapter we will give a detailed 
analysis of several measurements. Some other situations are considered, for example office 
environments.
Attenuation can be measured by transmitting a known in-band signal on a specific frequency 
channel and measuring its amplitude at the receiver. A channel filter is used to eliminate 
power outside the channel bandwidth. In the results below signal power has been averaged 
over approximately one second.
Chapter 4 41
Powerline Communications using the low voltage mains supply in the CENELEC frequencies
4.2. Summary of Measured Results
For convenience the main conclusions are summarised here, prior to the results themselves 
being presented.
Dynamics of attenuation with frequency: Attenuation increases with frequency, and averaged 
over all single phase measurements conducted in the present study gave a frequency tilt of 
-5dB/10kHz with a standard deviation of 4 dB.
Dynamics of attenuation with time: Attenuation at a given frequency varies slowly with time 
and is for all practical purposes constant over a burst. The average absolute variation in 
attenuation in a single phase domestic environment is 2 dB/hour with a standard deviation of 
2 dB, The probability that the attenuation changes by more than 3dB in a one hour period is 
- 20%.
Dynamics of noise power with frequency: The spectral density of broadband noise has an 
average value of-87 dBV/Hz at 40 kHz, and an average frequency tilt of -2dB/10 kHz. The 
standard deviation of noise power at a given frequency is 7dB.
Dynamics of noise power with time: The noise broadband spectral density averaged over 
timescales of ~1 second varies slowly with time and is for all practical purposes constant 
over a burst. On average, the absolute variation in noise spectral density is 3dB/hour with a 
standard deviation of 4 dB. The probability that average noise spectral density changes 
during the course of an hour by more than 3dB is -30%.
Signal to noise ratio for in-home signalling: For in home signalling the signal to noise ratio is 
typically excellent, at least at the bandwidth of our measurements (500 Hz). The average 
signal to noise ratio over all experiments was 21 dB in a 500 Hz bandwidth for a transmitter 
level at 116 dBpV.
Spot frequency interferers: Narrowband interference sources do exist, but their effect is 
limited to a few discrete frequencies.
4.3. Details of Measured Results
The next figure is an example of recorded variation of attenuation and noise with frequency 
and time in a typical domestic setting. It shows received signal power (indicated by circles) 
and background noise power (solid lines). The signal power was sampled at the discrete
Chapter 4 42
Powerline Communications using the low voltage mains supply in the CENELEC frequencies
frequencies 40, 50,... 90 kHz: the dashed lines joining these points are simply extrapolations. 
The noise power was sampled at 500 Hz intervals. Frequency in the range 40 to 90 kHz is 
shown on the horizontal scale and power spectral density from OdBV to -100 dBV on the 
vertical scale. The units of the vertical scale are dBV/500 Hz, to emphasise the resolution 
limitations of the receiver filter. To translate this into dBV/Hz, subtract 27. Two sets of 
measurements are superimposed on this one graph, taken at one hour intervals. The example 
below is taken from a home in a residential area.
The received signal power is estimated by averaging the power of received I/Q samples 
during the burst, and the noise power likewise. The dashed line near the top of the graph 
indicates the nominal transmitter level (-4dBV).
Variation of Rx signal power & noise vs frequency overtimespan : 1.0 hours 
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Figure 4-1: Illustrative graph of signal power and noise power. Recorded values at the 
beginning and end of a 1 hour interval are overlaid on the graph
These results are characteristic of communications over a single phase in an ‘electrically 
quiet’ setting, i.e. a setting with not much electronic office equipment such as a home, hotel 
or a small business.
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4.3.1. Spot Frequency Interference
The graph above shows that at a particular location selected frequencies may be affected by 
spot frequency interferers, which may stand out from the general noise level by more than 
20dB. Spot frequency interferers affect only a small fraction of the frequency range at any 
particular time.
They appear to be relatively less stable in time than the underlying additive noise level, and 
may appear and disappear as the result of a particular appliance being switched on or off. In a 
period of one hour there is an appreciable probability that an existing frequency interferer 
will disappear or at least one new interferer will arise.
A practical communications system could identify particularly badly affected frequencies and 
if necessary re-tune transmissions to avoid them, or in the case of spread spectrum systems 
apply some frequency dependant weighting to reflect the reduced signal to noise ratio. 
However, in every measurement below of residential and hotel environments the signal to 
noise ratio is so good this would not be necessary.
4.3.2. Average Attenuation and Noise: Results
We now give results for attenuation and noise for the following environments 
domestic residences 
hotels 
offices
Table 4-2 is the raw data on which the following conclusions are based. It contains over 400 
separate measurements of noise and signal power taken at different locations in over 20 
separate experiments. Each experiment took place at a particular location (shown in bold in 
the leftmost column of the table) on a particular date, and lasted up to six hours. During an 
experiment the background noise and received signal was measured at six spot frequencies 
(40, 50... 90 kHz). This was repeated at hourly intervals lasting up to six hours if time 
permitted. The time at which each hourly measurement took place is listed in the leftmost 
column of the table. Where readings were taken at one location on different dates they have 
been treated as separate experiments.
Chapter 4 44
Powerline Communications using the low voltage mains supply in the CENELEC frequencies
Table 4-1 is derived Table 4-2 and has been processed to accord equal weighting to each 
separate experiment, and to remove bias towards experiments in which more measurements 
were taken. The results averaged over all measurements during one experiment are shown in 
the right hand column. At the foot of the table an average of all results is shown, sorted by 
frequency.
Note that the measured carrier power has only been used where the signal to noise ratio was 
sufficient to ensure that an accurate measurement was available. In particular carrier power 
measurements in three-phase office environments are excluded from Table 4-1.
In Table 4-1 below all successive measurements for each location are consolidated into a 
single average value. The average noise power values are summarised at the foot of the table. 
It is not meaningful to average the carrier power in different locations since this depends on 
the distance from receiver to transmitter. However the ‘frequency tilt’ (i.e. differential power 
loss or gain as function of frequency) is summarised at the foot of this table.
The frequency dynamics of the noise power and the attenuation can be estimated from Table 
4-1. A least squares linear fit to the results indicated that average value of background noise 
power at 40 kHz is -87dBV, it is subject to an average frequency tilt of -2dB/10kHz, and the 
standard deviation of the noise spectral density is 7 dB. This is similar to the trend of the 
results reported in the literature (see section 4.4.4). There is a general trend of increasing 
signal attenuation with frequency and a least squares fit indicates a carrier power tilt of -5 
dB/10kHz with a standard deviation of 4 dB.
To estimate the time dynamics of noise power and attenuation, values in Table 4-2 was used 
directly. The change in noise power per hour at each frequency was calculated and averaged 
over all successive measurements taken one hour apart in all experiments. On average, the 
absolute variation in noise spectral density is 3dB/hour with a standard deviation of 4 dB. 
The average absolute variation in attenuation is 2 dB/hour with a standard deviation of 2 dB.
Noise power and attenuation can be expected to vary in discrete steps as appliances are 
switched in or out of the load. Since the total variation over one hour is in both cases 3dB or 
less on average, average noise and attenuation power are for all practical purposes constant 
over transmission bursts whose duration is no more than a few seconds.
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Table 4-1 Consolidated Noise and Signal Power Measurements
average noise power, dBV/Hz average carrier power, dBV
NX NX NX NX NX NX NX NX NX NX NX NX
o Oto oco or- ooo oCD o■n- Oto OCO Or- oco oCD
Domestic Locations
BARN: 15/2/98 -88 -86 -86 -90 -92 -97 -22 -29 -32 -28 -24 -26
HOME19HD: 01/01/99 -89 -87 -93 -99 -98 -104 -31 -32 -47 -63 -64 -77
HOME23KG: 31/12/98 -89 -86 -86 -92 -97 -98 -45 -57 -53 -47 -59 -64
HOME40T: 7/2/98 -90 -79 -84 -87 -88 -94 -24 -37 -34 -28 -33 -29
HOME40T: 25/12/98 -98 -82 -86 -99 -97 -102 -45 -32 -29 -34 -54 -56
HOME49C: 8/11/97 -97 -79 -88 -99 -98 -104 -31 -42 -63 -73 -79 -92
HOME49C: 21/3/98 -98 -100 -100 -103 -100 -107 -30 -47 -80 -99 -101 -93
HOME73A: 13/1/98 -96 -93 -94 -104 -97 -107 -30 -32 -49 -63 -76 -93
HOME73A: 18/1/98 -98 -83 -96 -106 -102 -110 -30 -34 -53 -67 -83 -98
HOME73A: 19/12/98 -99 -87 -95 -104 -100 -108
HOME73A: 11/01/99 -93 -91 -95 -98 -96 -106 -28 -31 -24 -34 -48 -66
HOME75AL: 28/3/98 -92 -82 -91 -103 -99 -104 -29 -25 -23 -40 -51 -57
HOME9SJS: 02/01/99 -83 -89 -88 -95 -96 -100 -31 -52 -51 -38 -30 -35
Hotels
HOTEL_MH: 16/1/98 -92 -86 -85 -92 -93 -94 -24 -30 -33 -32 -29 -25
HOTEL_PH: 24/1/98 -77 -82 -83 -84 -86 -94 -21 -26 -23 -17 -26 -21
HOTEL_H: 27/1/98 -82 -86 -92 -89 -90 -94 -25 -29 -33 -33 -34 -32
HOTELJPS: 17/9/98 -91 -79 -79 -92 -100 -100 -24 -26 -26 -18 -25 -42
HOTEL_E: 9/6/99 -78 -75 -83 -87 -89 -92 -23 -27 -31 -30 -32 -29
Offices
OFFICEN: 26/11/97 -94 -99 -103 -94 -99 -107
OFFICEN: 27/11/97 -94 -99 -102 -95 -97 -107
PALA!S_DE_C: 28/01/98 -84 -83 -78 -81 -82 -90
PALAIS_DE_C: 29/01/98 -96 -89 -80 -80 -82 -95
OFFICE-TM: 26/11/98 -94 -84 -90 -106 -103 -110
Average -91 -86 -89 -95 -95 -101
Standard Deviation 7 7 7 8 6 6 7 9 8 7 7
ave. cumulative tilt dB 0 5 2 -4 -4 -10 0 -6 -11 -15 -21 -26
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Table 4-2 Noise Power and Carrier Power Measurements
B O LD  PRINT: LO CATION  
O F E X P E R IM E N T
normal print:
time of each measurement
Noise spectral density dBV/Hz
- t !  N  N  N  N  i  X X X X 
^o  o  o  o  o
lO  CO h -. CO 90
kH
z
Carrier power dBV
N  N  N  X X X
o  o  o  ^  in to 70
kH
z
80
kH
z
90
kH
z
D o m e s t i c  L o c a t i o n s
BARN: 15 /2/98
Sun Feb 15 16:12:22 1998 -93 -88 -87 -93 -96 -92 -23 -29 -32 -30 -28 -31
Sun Feb 15 17:12:21 1998 -83 -88 -87 -90 -93 -101 -23 -29 -31 -27 -21 -25
Sun Feb 15 18:12:21 1998 -96 -81 -86 -90 -91 -98 -21 -29 -32 -30 -25 -25
Sun Feb 15 19:12:21 1998 -79 -85 -84 -87 -88 -96 -21 -29 -32 -27 -21 -23
H O M E 19HD : 01/01/99
Frl Jan 01 12:08:09 1999 -85 -89 -96 -98 -98 -100 -30 -34 -45 -55 -49 -65
Fri Jan 01 13:08:091999 -91 -92 -94 -101 -99 -106 -29 -33 -46 -60 -52 -58
Fri Jan 01 14:08:091999 -89 -81 -95 -99 -97 -106 -29 -34 -47 -61 -53 -58
Fri Jan 01 15:08:09 1999 -91 -93 -90 -99 -99 -103 -33 -30 -49 -70 -82 -98
Fri Jan 01 16:08:09 1999 -91 -81 -91 -99 -98 -104 -35 -31 -49 -70 -81 -106
Fri Jan 01 17:08:09 1999 -94 -81 -92 -101 -96 -105 -33 -31 -49 -70 -81 -105
H O M E 23K G : 31 /12/98
Thu Dec 31 10:39:01 1998 -88 -81 -87 -91 -94 -91 -42 -58 -54 -49 -59 -64
Thu Dec 31 11:39:01 1998 -93 -89 -86 -92 -99 -100 -42 -57 -53 -47 -59 -64
Thu Dec 31 12:39:01 1998 -92 -82 -87 -92 -96 -97 -42 -57 -54 -47 -59 -64
Thu Dec 31 13:39:01 1998 -90 -87 -86 -91 -98 -99 -43 -56 -53 -47 -59 -64
Thu Dec 31 14:39:01 1998 -90 -87 -85 -92 -98 -100 -51 -57 -52 -46 -59 -64
Thu Dec 31 15:39:01 1998 -82 -88 -86 -92 -99 -100 -51 -58 -53 -48 -60 -65
H O M E40T: 7 /2 /98
Sat Feb 07 14:43:38 1998 -90 -80 -84 -87 -87 -94 -24 -37 -34 -28 -33 -29
Sat Feb 07 15:06:04 1998 -91 -78 -85 -88 -89 -94 -25 -37 -34 -28 -33 -29
H O M E 40T: 25 /12/98
Fri Dec 25 12:40:13 1998 -100 -80 -85 -99 -94 -103 -45 -32 -31 -31 -53 -53
Fri Dec 25 13:40:13 1998 -97 -86 -86 -100 -98 -100 -45 -32 -28 -32 -52 -53
Fri Dec 25 14:40:13 1998 -97 -79 -88 -99 -98 -104 -45 -32 -29 -38 -57 -61
H O M E 49C: 8 /11/97
Sat Nov 08 13:13:19 1997 -97 -79 -88 -99 -98 -104 -31 -42 -62 -74 -78 -81
Sat Nov 08 16:40:05 1997 -97 -79 -88 -99 -98 -104 -30 -42 -64 -72 -79 -103
H O M E 49C: 21 /3 /98
Sat Mar 21 11:09:40 1998 -97 -99 -98 -102 -101 -107 -29 -48 -80 -100 -103 -96
Sat Mar 21 12:09:40 1998 -99 -101 -103 -103 -96 -106 -31 -47 -81 -100 -103 -95
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Sat Mar 21 13:09:40 1998 -99 -103 -100 -104 -101 -108
Sat Mar 21 14:09:40 1998 -98 -100 -100 -103 -102 -106
Sat Mar 21 15:09:40 1998 -97 -99 -100 -103 -102 -106
HOM E73A: 13/1/98
Tue Jan 13 20:00:17 1998 -95 -82 -94 -105 -100 -106
Tue Jan 13 21:00:17 1998 -97 -94 -94 -104 -94 -108
Tue Jan 13 22:00:17 1998 -97 -102 -95 -103 -98 -108
HOM E73A: 18/1/98
Sun Jan 18 07:40:43 1998 -92 -82 -95 -104 -101 -109
Sun Jan 18 08:40:43 1998 -99 -85 -96 -104 -95 -111
Sun Jan 18 09:40:43 1998 -99 -83 -97 -111 -100 -113
Sun Jan 1810:20:54 1998 -97 -84 -96 -110 -106 -111
Sun Jan 18 11:20:54 1998 -100 -81 -96 -104 -106 -107
Sun Jan 18 12:20:54 1998 -100 -85 -93 -101 -102 -111
H OM E73A: 19/12/98
Sat Dec 19 09:49:10 1998 -100 -89 -96 -101 -103 -107
Sat Dec 19 10:49:10 1998 -98 -81 -95 -96 -99 -104
Sat Dec 19 11:49:10 1998 -101 -83 -98 -110 -100 -109
Sat Dec 19 12:49:10 1998 -98 -94 -89 -99 -96 -110
Sat Dec 19 13:49:10 1998 -92 -91 -96 -109 -107 -111
Sat Dec 19 14:49:10 1998 -103 -83 -95 -108 -98 -109
HOM E73A: 11/01/99
Mon Jan 11 12:22:49 1999 -93 -94 -95 -98 -96 -106
Mon Jan 11 13:22:49 1999 -93 -87 -95 -98 -97 -106
H OM E75AL: 28 /3 /98
Sat Mar 28 10:30:08 1998 -65 -76 -86 -88 -99 -91
Sat Mar 28 11:30:08 1998 -98 -77 -94 -107 -100 -106
Sat Mar 28 12:30:08 1998 -97 -78 -92 -105 -99 -106
Sat Mar 28 13:30:08 1998 -100 -80 -92 -105 -95 -110
Sat Mar 28 14:30:08 1998 -102 -97 -93 -108 -102 -108
HO M E9SJS: 02/01/99
Sat Jan 02 18:06:04 1999 -79 -90 -85 -95 -93 -100
Sat Jan 02 19:06:04 1999 -86 -91 -89 -93 -97 -100
Sat Jan 02 20:06:04 1999 -84 -87 -87 -96 -98 -100
Sat Jan 02 21:06:04 1999 -84 -91 -90 -95 -97 -101
Sat Jan 02 22:06:04 1999 -82 -88 -90 -94 -96 -98
H o t e l s
HOTELJYIH: 16/1/98
Fri Jan 16 07:31:59 1998 -90 -80 -87 -93 -94 -94
Fri Jan 16 08:31:59 1998 -92 -79 -87 -94 -94 -95
Fri Jan 16 09:31:59 1998 -92 -88 -87 -94 -91 -95
Fri Jan 16 19:37:17 1998 -92 -78 -86 -93 -94 -93
-30 -47 -81 -100 -103 -95
-30 -47 -81 -100 -103 -95
-30 -47 -79 -96 -95 -82
-31 -35 -53 -63 -76 -93
-28 -27 -43 -63 -76 -93
-31 -35 -53 -64 -76 -93
-28 -29 -48 -61 -80 -102
-28 -29 -48 -61 -80 -104
-31 -37 -56 -72 -87 -95
-31 -36 -56 -72 -87 -104
-31 -36 -56 -72 -86 -94
-30 -34 -53 -62 -75 -91
-34 -34 -59 -69 -88 -100
-39 -36 -50 -69 -90 -100
-37 -34 -43 -62 -84 -95
-29 -27 -37 -52 -68 -102
-35 -36 -52 -58 -72 -98
-40 -37 -48 -52 -69 -89
-28 -30 -24 -34 -48 -66
-28 -31 -24 -34 -48 -66
-28 -26 -23 -40 -51 -56
-28 -25 -23 -40 -51 -57
-30 -25 -24 -41 -52 -59
-29 -26 -23 -41 -51 -57
-28 -24 -23 -41 -51 -57
-30 -53 -50 -37 -29 -34
-31 -54 -51 -40 -32 -36
-31 -52 -51 -36 -29 -34
-30 -50 -53 -40 -31 -35
-32 -49 -49 -37 -30 -35
-24 -30 -32 -32 -29 -25
-25 -30 -33 -33 -30 -25
-24 -30 -33 -32 -29 -25
-25 -30 -33 -33 -30 -26
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-25 -30 -33 -33 -29 -25
-24 -30 -33 -32 -29 -25
-21 -25 -23 -17 -25 -20
-21 -26 -24 -17 -26 -21
-21 -25 -23 -17 -26 -21
-21 -25 -23 -16 -26 -22
-22 -26 -23 -17 -26 -21
-21 -26 -24 -17 -26 -22
-22 -26 -24 -18 -26 -21
-23 -28 -30 -29 -37 -36
-26 -28 -32 -32 -29 -25
-28 -31 -38 -39 -37 -35
-21 -26 -28 -18 -27 -43
-26 -26 -26 -18 -24 -43
-25 -26 -25 -18 -25 -41
-23 -27 -31 -30 -32 -29
-23 -27 -31 -29 -33 -28
-115 -130 -156 -146 -147 -166
-116 -131 -156 -146 -152 -175
-114 -131 -154 -148 -141 -174
-116 -132 -153 -150 -154 -167
-115 -131 -155 -150 -147 -166
-25 -30 -28 -25 -18 -17
-25 -29 -28 -24 -18 -19
-25 -30 -28 -24 -18 -18
-138 -148 -159 -143 -149 -159
-91 -90 -88 -74 -91 -121
-77 -82 -89 -74 -91 -121
-58 -58 -76 -99 -107 -128
-56 -59 -77 -99 -108 -128
Fri Jan 16 20:37:17 1998 -93 -96 -82 -90 -92 -93
Fri Jan 16 21:37:17 1998 -93 -95 -84 -90 -91 -92
H O TE L_P H : 24 /1/98
Fri Jan 23 09:16:48 1998 -75 -81 -83 -84 -85 -93
Fri Jan 23 10:16:48 1998 -77 -81 -83 -85 -86 -94
Fri Jan 23 11:16:48 1998 -78 -83 -84 -84 -87 -94
Fri Jan 23 12:16:48 1998 -78 -83 -84 -85 -88 -95
Fri Jan 23 13:16:48 1998 -76 -82 -84 -84 -86 -94
Fri Jan 23 14:16:48 1998 -77 -82 -84 -84 -87 -93
Fri Jan 23 15:19:13 1998 -76 -82 -82 -85 -86 -95
H O TEL_H : 27 /1/98
Tue Jan 27 16:54:12 1998 -62 -70 -81 -86 -88 -92
Tue Jan 27 17:54:12 1998 -94 -95 -100 -88 -87 -91
Tue Jan 27 18:54:12 1998 -90 -93 -95 -94 -96 -99
H O T E L J P S : 17/9/98
Wed Sep 16 20:42:15 1998 -91 -87 -81 -91 -100 -100
Wed Sep 16 21:42:15 1998 -88 -74 -80 -92 -100 -101
Wed Sep 16 22:42:15 1998 -92 -77 -77 -94 -100 -99
H O TEL_E: 9 /6 /99
Wed Jun 09 05:39:261999 -61 -71 -81 -86 -88 -89
Wed Jun 09 06:15:33 1999 -94 -78 -84 -88 -89 -94
O f f i c e s  ( m u l t i - p h a s e )  
O FFIC E N : 26/11/97
Wed Nov 26 12:30:35 1997 -94 -100 -102 -94 -100 -105
Wed Nov 26 13:30:351997 -94 -99 -103 -95 -98 -108
O FFIC E N : 27 /11/97
Thu Nov 27 11:17:06 1997 -94 -100 -102 -95 -98 -108
Thu Nov 27 12:17:061997 -94 -99 -103 -94 -99 -106
Thu Nov 27 13:17:061997 -94 -99 -102 -95 -94 -107
P A LAIS_DE_C: 28/01/98
Wed Jan 28 13:18:17 1998 -60 -79 -74 -81 -80 -80
Wed Jan 28 14:18:17 1998 -95 -77 -80 -81 -81 -95
Wed Jan 28 15:18:17 1998 -95 -93 -80 -80 -84 -95
PA LAIS_D E_C : 29/01/98
Thu Jan 29 08:21:46 1998 -95 -97 -79 -79 -83 -95
Thu Jan 29 12:50:21 1998 -97 -80 -81 -81 -82 -96
Thu Jan 29 13:50:21 1998 -96 -89 -81 -81 -80 -95
O FFIC E -TM : 26/11/98
Thu Nov 26 18:21:06 1998 -92 -83 -94 -106 -97 -107
Thu Nov 26 19:21:06 1998 -90 -86 -94 -106 -105 -108
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Thu Nov 26 20:21:06 1998 -91 -87 -88 -105 -107 -112 -57 -68 -63 -82 -109 -130
Thu Nov 26 21:21:06 1998 -97 -85 -88 -106 -105 -112 -56 -68 -62 -81 -108 -129
Thu Nov 26 22:21:06 1998 -97 -81 -87 -107 -105 -111 -56 -67 -62 -81 -108 -129
Thu Nov 26 23:21:06 1998 -96 -84 -88 -106 -101 -109 -56 -67 -62 -81 -108 -129
4.3.3. Illustration of Different Noise Sources
In the literature it has been reported (e.g. [ONEAL]) that the noise levels can be considerably 
affected by particular types of appliance being switched on, at least in domestic 
environments. The following diagrams, taken using a spectrum analyser coupled to the 
mains, show the effect of various domestic noise sources. The first two diagrams are with no 
specific noise sources; note the prominent spot frequency interferer at 80 kHz. It is notable 
that the coffee grinder generates a wide noise spectrum at a relatively high power level.
Attenuation or noise power changes as a result of appliances being switched in or out of the 
load. The change can be expected to take place as a step; the channel rapidly changes from 
one relatively stable state to another. This is clearly illustrated in Figure 4-4, where the 
addition of a TV to the load immediately introduces a spot frequency interferer at about 
47kHz.
These measurements show frequency on the X-axis power spectral density on the Y-axis. The 
frequency range is 100 kHz, from 40 to 140 kHz, and the vertical axis spans the range -  
lOdBV to -90 dBV. Power spectral density was measured with a resolution bandwidth of 1 
kHz.
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Figure 4-2: Home73A, 27/10/97, no specific source
1 4 : 3 5 : 3 8  OCT 2 7 ,  1 9 9 7
f a  HOME 7 3 A N O I S E  1 3 : 0 6  : 2 6  OCT  2 6  , 1 9 9 7  
R E F  5 0 . 0  d B m U AT  2 0  d B T R A C E  A
R E S  BW 1 . 0  k H z # V B W 1 0 0  H z SWP 3 . 0 6  s e c
Figure 4-3: Home73A: 27/10/97, no specific source
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Figure 4-4: Home73A: 27/10/97, TV
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Figure 4-5: Home73A: 27/10/97, Laptop Charger
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Figure 4-6 Home73A: 27/10/97: Coffee grinder
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Figure 4-7 Home73A: 27/10/97: no specific source
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4.4. Summary of Results from Existing Literature
Operating range is limited by attenuation and noise. Signal attenuation and background noise 
power have been studied by several authors. There are many useful results which attempt to 
relate attenuation to absolute distance, particularly for purposes of remote meter reading. 
These broadly concur with the measurements already presented, and add useful information 
about an extended frequency range and also to quantify the effect of attenuation with 
distance.
4.4.1. Attenuation and Distance
A number of authors have examined the way in which attenuation varies with distance. These 
are summarised in the following table.
Reference Measured 
Attenuation 
dB/100 m
Notes
[BURR82] 8- 15 Residential estate, 5:00 PM, Buckingham, UK
Ditto 8-22 Ditto, 8:00 PM
[BULL] 15-25 Between homes in the UK, frequencies 3-150 kHz
Ditto 2-13 Homes in Zurich, Switzerland
[FORMBY] 3 Homes in UK, 100 kHz
[HOOIJEN96]
8 (average)
10 (worst 
case)
Copenhagen
[ECHELONOO]
54dB point to 
point 96 percentile of measured attenuation between 
randomly chosen sockets in several hundred domestic 
installations
Attenuation on a given network varies with distance in a very unpredictable way; in the range 
of interest attenuation rates from 3dB per 100m up to 40dB per 100m have been reported.
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Chan and Donaldson report attenuation in North American residential power distribution 
circuits (which have dual 120V phase-opposed supplies, delivering 120V out of standard 
sockets but giving the capability of delivering 240V with special wiring). In residential 
homes attenuation of less than 10 dB was found between points on the same phase and up to 
40dB was reported between opposite phases, with the situation deteriorating markedly above 
150 kHz [CHAN86],
4.4.2. Attenuation and Frequency
A negative frequency tilt of 0.25dB/kHz is reported by [VANDEGRACHT85] between 100 
and 200 kHz. A relatively constant attenuation up to 100 kHz is reported by the same study 
and by [HOOIJEN97], In [CHAN86] a linear best fit yielded a value of 0.1 dB/kHz for North 
American domestic supplies in the range 0-250 kHz. Several authors agree that above about 
200 kHz attenuation increases significantly [BULL], [HAGMANN], and a value of greater 
than 60dB/100m was found for all frequencies greater than 0.5MHz [HAGMANN].
Studies have clearly shown that the intrinsic transmission properties of unloaded electrical 
cabling is favourable to data transmission at frequencies of 1 MHz and higher. For example, 
Bull et al report attenuation of less than 5dB per 100 m in PVC sheathed mains cables at 1 
MHz [BULL]. Formby and Adams report that the consumer’s meter provides negligible 
attenuation at the signalling frequencies of interest [FORMBY].
The situation can be summarised as follows. The European mains network can be used in 
practice for the propagation of carrier signals from 3kHz to at least 150kHz. Attempts to use 
frequencies far above this range will encounter increasingly severe attenuation.
Outside Europe differing distribution practice produces different problems. In North America 
the distribution practice is to transmit energy via 34.5kV overhead feeders with distribution 
transformers supplying a few homes from a three phase 120V supply. For utility applications 
it would be necessary to signal from a point on the 34.5kV supply to the domestic meter in 
order to serve a reasonable number of houses. Tengdin found that the distribution 
transformers impose severe losses at frequencies above 20kHz [TENGDIN].
4.4.3. Transmission Nulls
It is theoretically possible that frequency selective transmission nulls could occur due to 
standing wave reflections or multipath effects. In practice this does not appear to be the case. 
This is discussed in [TENGDIN], which notes that for a feeder, its branches and laterals, the
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more 'distribution-like' the less prominent its standing waves were found to be. The bushier 
configurations connect so many random length line sections in a randomly distributed 
manner that the resulting composite network is a nearly flat circuit and standing waves are 
insignificant.
This conclusion is supported in [PHILLIPS] which measures the multipath delay over a short 
(10m) length of domestic cable, and reports that virtually all energy is contained in a delay 
spread of 1 ps, with just one multipath component containing 90% of the energy (to a 
resolution in the order of 0.1 pS) . In the CENELEC frequency range this multipath would 
not cause significant fading since it spans less than one eighth of a wavelength.
4.4.4. Noise
The noise spectra of the mains network has been reported by a number of authors, e.g. 
Hagmann [HAGMANN] and Vines et al [VINES].
Vines et al examine a number of types of noise sources, identifying broadband noise as 
having a smooth spectrum which can be created by loads on the line which do not operate 
synchronously with the power line frequency. A universal motor, like one used in an 
electrical drill, is an example. Such a motor has brushes that cause current switching at 
intervals which depend on the speed of the motor, which is controlled by the load. Vines et. 
al report that in the 40-150kHz bandwidth the noise spectrum of such a device is smooth 
with a maximum variation from its spectral maximum to spectral minimum of about 15dB. 
Television receivers generate a broadband noise component, as well as narrowband noise 
which is discussed below. Spectral measurements made on North American 120V and 240V 
mains supplies reported in Vines et al indicate the presence of broadband noise in domestic 
premises at a level varying from about between —100 to -60 dBV/Hz.
Measurements in Amsterdam conducted by Hooijen led to the following formula for 
background noise being derived for the available power in W/Hz [HOOIJEN97]:
N( f )  = 10~(*+3-95*I<ri/) [W/Hz]
Where K has the distribution N(p,a) with p=5.64, a-0.5. At 90 kHz this translates into an 
average o f-110 dBV/Hz (presuming nominal 50Q impedance), which agrees with the other 
sources. This predicts a ‘frequency tilt’ of -0.4dB/kHz in the noise spectral density. This is 
similar to the trend indicated by the measured results as summarised in Table 4-1.
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Vines et al also identify a type of noise called ‘unsynchronised narrowband noise’. This is 
noise which has a narrowband spectrum uncorrelated with the power line frequency. Vines et 
al. reports that the most common source of this type of noise is television receivers which 
produce tones at multiples of approximately 15kHz, the North American television horizontal 
scanning line frequency. Noise peaks at discrete multiples of 15kHz which may stand out as 
far as 30dB above the broadband noise were observed.
Another class of noise identified by Vines et al is synchronous switching noise. This is noise 
caused by switching devices such as silicon controlled rectifiers (SCR's) and certain power 
supplies. An SCR switches when the power voltage crosses a certain value. Since the voltage 
is cyclic, it switches at the line frequency or a multiple of it. Switching noise therefore has 
line spectra with lines at multiples of the line frequency. Vines et al. reports that the most 
serious source of this noise in domestic installations is light dimmers, which can generate a 
noise spectrum with peaks separated by 50Hz whose amplitude does not decrease until over 
100kHz.
Hagmann [HAGMANNj reports that frequencies below 20kHz are very heavily jammed by 
power line harmonics, but by 40kHz the level of these harmonics is normally no more 
significant than broadband noise from sources.
Several studies ([BULL], [HAGMANN], [VINES], [HOOIJEN97]) report that transient 
voltage disturbances take place at random intervals and are due to discrete switching 
operations. They are wideband events and if they contain sufficient energy can erase the data 
signal for a short period. In the study by Hooijen it is mentioned that the time between such 
events is very large compared to the (unspecified) bit rate. Indeed all indications are that 
noise impulses with sufficient energy to affect data transmissions are sufficiently rare that 
they can be ignored for practical purposes, at least for the type of burst mode signalling 
studied here.
4.5. Modelling Attenuation and Noise
This section addresses the question of how to model the effect of attenuation and noise on the 
transmission schemes we are interested in. Recall that the key properties are:
• Half duplex, burst mode bi-directional transmission.
• Burst length in the order of a second.
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• Repetition rate from seconds to minutes.
For purposes of constructing a channel model both the attenuation and noise can be treated as 
fixed ‘given’ parameters. In fact both these parameters will be encapsulated in a single 
quantity, the signal to noise ratio. This statement is justified as follows.
First, assume the usual idealisation that the receiver has unlimited dynamic range: therefore 
the absolute signal and noise levels are immaterial. Without loss of generality the noise level 
can be normalised to unity power, leaving only the signal level as a free parameter, which is 
now the signal to noise ratio. It has been shown that the probability of the signal to noise ratio 
changing to any significant degree during a burst is negligible (where by significant is meant 
more than ldB). Thus for modelling purposes attenuation and noise can be treated as fixed 
for the duration of a burst.
4.6. Conclusions
This chapter has studied the properties of average noise power and average attenuation, and 
has provided a quantitative description of their evolution in frequency and time. The results 
for signal attenuation are based on measurements made in domestic environments since the 
signal to noise ratio in office environments did not permit consistent measurement of carrier 
power.
The frequency tilt in signal to noise ratio can be derived once the tilt in noise power and 
attenuation is established. The tilt of -0.4dB/kHz reported by [HOOIJEN97] is accepted as 
authoritative, but the results of attenuation reported in section 4.4.2 are less unanimous. A 
compromise value for attenuation tilt of -0.2 dB/kHz is proposed, which would give a signal 
to noise tilt of +0.2 dB/kHz.
Implementing adaptive behaviour to track the ‘optimum’ frequency, i.e. the frequency giving 
best signal to noise ratio, should be straightforward. For once the tracking process converges 
then the expected variation of the S/N ratio at the optimum frequency during an hour is much 
smaller than the total variation across all frequencies: so the probability is that the present 
optimum remains near optimum for time periods in the order of an hour. Provided that a 
transmission takes place once every few minutes it is possible to adapt much faster than the 
rate of change.
In a practical mains communications system both ends should monitor the attenuation and 
noise and implement some type of adaptive behaviour to identify and select the most
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favourable frequencies. This would allow best advantage to be taken of the frequency variant 
profiles of the attenuation and noise characteristics and would allow spot frequency 
interferers to be avoided. If the system was used outside the home or in an office environment 
it is highly likely that some intermediate retransmission capability would be needed to cope 
with the severest attenuation effects
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5. Noise: Short Timescale
— roperties■
Chapter 5 examines the short timescale properties of the background noise process observed 
by a narrowband receiver from a quantitative point of view, and proposes a model in which 
the noise process can be considered as a Gaussian process whose amplitude is modulated at 
the AC cycle rate. The novel aspect of this model is that it is particularly simple, requiring 
only two parameters (specifically, average noise spectral density as for a Gaussian channel, 
and one extra parameter to describe the amount by which this is modulated), while being 
suitable for evaluating narrowband transmission schemes. Furthermore the empirically 
measured operational range of the parameters are presented together with variation in time 
and frequency.
5.1. Introduction
This chapter examines the time domain properties of the background noise process on the 
mains; that is, the noise process that is observed over the majority of the spectrum where there 
is no spot frequency interference source. By ‘short time’ is meant timescales ranging from a 
few milliseconds to the order of a second . The objective of this is to develop a model of the 
channel noise which is consistent with empirical observations that can be used to test 
narrowband transmission schemes. This process is also called the additive noise process, 
because it is linearly superimposed onto the signal.
The mains environment is extremely variable, and additive noise is generated by a huge 
variety of sources, so it is naive to suppose that one analytical model can cover the huge 
variety of situations encountered. This section presents a model that is simple, robust and 
gives a satisfactory fit for the majority of situations.
The additive noise process on the mains is a wideband process, occupying the entire 
CENELEC frequency range and beyond. As in section 4.4.3, the amplitude of the wideband 
noise process varies with frequency roughly according to a formula of Hooijen. The 
amplitude of this wideband mains noise process also modulates periodically over the mains 
cycle. The wideband noise process is complicated and a multi-parameter model for it is
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discussed in [ZIMMERMANOO]. It is influenced by a number of features, including coloured 
background noise and impulsive noise synchronous with the AC cycle. It is a well 
documented result reported by a number of authors, for example O’Neal [ONEAL], Tsumura 
et al. [TSUMURA] that the peak of the noise power coincides with the peaks of the AC cycle. 
This is possibly because at this time the greatest number of non-linear devices, e.g. rectifiers, 
would be active causing current surges and voltage variation.
This chapter presents a simpler model of the additive noise process that would be observed by 
a narrowband receiver with a bandwidth in the order of 1kHz. It shows that the parameters of 
the narrowband additive noise process observed at a given location are highly frequency 
dependent, although some (for example the average power level) are relatively stable with 
time. The modulation over the AC cycle is also highly frequency variable; whereas the noise 
amplitude may modulate greatly at one frequency, there may be almost no modulation at 
another frequency separated by only 10 kHz. This has important implications for a receiver, 
since the signal to noise ratio is both time variant over the AC cycle and frequency dependent.
Another key result in this chapter is that the additive noise process, even within a restricted 
bandwidth, is not even approximately Gaussian. This assumption is unfortunately often made 
in existing literature on mains communications and conclusions that depend on it should be 
treated with caution. In fact the noise process is a non-stationary stochastic process with time 
varying mean, average power, and autocorrelation.
The naiTowband noise process exhibits periodicities in its mean and power. Using this 
property we demonstrate how the noise process in a narrow bandwidth can be decomposed 
into a number of processes which are individually approximately Gaussian and approximately 
stationary using a technique called polyphase decomposition.
5.2. Noise Envelope Variation on the timescale of 
an AC cycle
This section studies the mean and average power of the additive noise process. The key 
results are that they are:
The noise process is non-stationary
The mean and average power vary approximately periodically with the AC cycle, with a 
dominant component at 100 Hz.
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If it is sampled at the same phase over many successive AC cycles, it has an 
approximately Gaussian amplitude distribution
The results also show that the power variation is highly frequency dependent: at certain 
frequencies the noise power is almost constant over the AC cycle. At others it can vary by 
tens of decibels during the AC cycle. In 90% of cases variation is between 8 and 26 dB (see 
Table 5-2). At a given frequency this effect is consistent over timescales much longer than a 
second.
The figure below illustrates a typical noise process, showing the noise power recorded over 
an 80ms period (i.e. four AC cycles).
Noise power:freq= 40KH z
T im e (sec)
Location: home 73a study-bed1 T im e: Sun Jan 18 07:40:43 1998
Figure 5-1 Example of Noise Amplitude Modulation
It can be seen from the figure that the power of the narrowband noise process appears to vary 
periodically during the AC cycle. Figure 5-2, derived from the same measurement, shows how 
average noise power varies with the phase of the AC cycle. Error bars indicate standard 
deviation (the Y-axis shows noise power in dbV, the X-axis indicates phase in the AC cycle 
as degrees). To obtain this data the 20ms period of the cycle was divided into 32 bins, each 
spanning 11.25°, and the average (in dBV) and standard deviation (in dB) of noise samples
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was measured over ~1 second. There are certain phases in the AC cycle where the noise 
amplitude is on average lOdB higher than at other points, and the error bars3 indicate that the 
effect is consistent over the measurement period of one second, in the sense that the power 
variation at a particular phase from cycle to cycle is an order of magnitude less than the power 
variation within each AC cycle.
Noise pow er vs AC  phase (norm alised to un ity average power) 40 KHz
degrees
location: hom e 73a study-bed1 
m easurem ent tim e: Sun Jan 18 07:40:43 1998
Figure 5-2 Noise amplitude and variance as a function of AC cycle phase
This cyclic variation in noise power can be explained by the well known observation that the 
broadband noise process contains periodic impulse noise at particular points in the AC cycle. 
This impulse noise is filtered by the narrowband receiver, leading to the time variation 
observed.
In the graphs below we illustrate that the characteristics of the narrowband noise process vary 
markedly with frequency. The average noise power as a function of phase in the AC cycle is 
plotted at six frequencies 40, 50, ... 90 kHz (see below) using a 'waterfall' plot. The X- axis 
(across the page) indicates phase in the AC cycle; the Y-axis (into the page) gives the 6 spot
3 Error bars indicate standard deviation. Length of upper segment of bar represents dB gain 
required to amplify mean signal power to 1 sigma point.
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frequencies; the Z-axis (up the page) denotes power in dbV. The two graphs were measured 
one hour apart, and the averaging period at each frequency was ~1 second. This illustrates 
that the noise power varies with synchronously with the AC phase; the trajectory of this 
variation is very dependent on frequency, but at a given frequency appears to be relatively 
stable in timescales in the order of one hour. For example, note the lack of variation 
throughout the cycle at 80 kHz that manifests itself in both graphs. In the graphs below the 
peak power is aligned with 0°.
Noise power vs phase in AC  cyc le  [m easured over 1 second at each frequency]
phase in AC cyc le  
location: hom e49c study lounge 
s ta rt tim e: Sat M ar 21 11:09:40 1998
Figure 5-3 Noise spectral density as a function of AC cycle phase, at 6 spot frequencies
(4 0 ,5 0 ,...9 0  kHz).
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Noise power vs phase in AC cyc le  [m easured over 1 second at each frequency]
phase in AC cyc le  
location: home49c study lounge 
s ta rt tim e: Sat M ar 21 12:09:40 1998
Figure 5-4 Noise spectral density as a function of AC cycle phase, at 6 spot frequencies
(40,50,...90 kHz). Measured one hour later than previous figure.
Another way of illustrating the amplitude variation is to plot the probability density of the 
noise process power during the recorded burst. This is done below, using the same data used 
in Figure 5-3. This graph can be viewed in conjunction with the graphs above; observe that 
the noise power at 80 kHz varied less than at other frequencies, leading to a more 
concentrated probability distribution (the peak at 80 kHz is particularly marked). However at 
other frequencies there is considerable variation of noise power with phase.
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noise poAer probability distribition at recierer [measured orer 1 second at each frequency]
power density (dBV/500 Hz)
location: home49c study lounge 
start time Sat Met 21 12:09:401998
Figure 5-5 Noise Power probability density
5.3. Statistical model of noise envelope variation
This section quantitatively examines the amplitude statistics of the additive noise process. It is 
a mistake to model the noise as Gaussian, as is sometimes proposed; the noise process is not 
even approximately Gaussian. An application of the chi squared test to the noise process has 
shown that a Gaussian hypothesis is rejected at the 5% significance level over 90% of the 
time. This is not surprising, since it is clear from the results above that the noise process is 
non-stationary, having an amplitude that depends strongly on the phase of the AC cycle. 
Furthermore, as we show below in section 5.3.5, the BER curve induced by the noise process 
does not match the BER curve of a Gaussian noise process.
To proceed further we must use the fact that the noise amplitude depends on the phase of the 
AC cycle. Suppose our sampling rate is K samples per 20ms AC cycle (for example a rate of 
1600 samples per second would give 32 samples per cycle). We will treat the received signal 
as if it comprises K time-interleaved ‘polyphase components’ of the noise signal. A 
‘polyphase component’ of a sequence is a subsequence constructed from a given sequence
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{xj , \<i<coby selecting elements {x„xn+Kx „+2k  ...} , where 1 <n<K: ie elements whose index 
is congruent to a particular value n mod K (in signal processing theory, this process is called 
‘polyphase decomposition’ into M downsampled subsequences [OPPENHEIM]). In our case 
each subsequence occupies a fixed point in the AC cycle. In the illustration below we assume 
a sampling rate of 8 samples per AC cycle. The greyed section highlights a particular 
polyphase component.
C h a n n e l .  8 I 2 3 4  5 6 7 8 I 2
i — i : r~ i: u  i i i i — i i i
c y c l c N - l  A C c y c l e  N c y c l e  N + 1
Figure 5-6 Illustration of Polyphase Components
We now define this using formal notation. Suppose that the sampling rate allows k samples 
per AC cycle, and the received samples of the noise process in the n ’ th AC cycle are denoted 
{rn i rn 2,'"rnk) • The />’th ‘polyphase component subsequence’, 1 <p<k is defined by the
sequence formed by selecting only the sample from each AC cycle whose index is congruent 
to p  mod n
{'• ‘^»-l,p > f n ,p »f n+ l,p  ” •}
We will now characterise the noise process in a given polyphase component. The hypothesis 
that we investigate is that the background noise process is a Gaussian process whose 
amplitude modulates at some multiple of the AC cycle rate, this is:
Hypothesis H: for each p , the p ’th polyphase component constitutes a Gaussian process 
with a stationary mean value.
We shall show that this hypothesis gives a “first order” statistical fit in the majority of bursts. 
At no point do we suggest that H gives the whole truth: after all, samples from a Gaussian 
process are neither quantised nor amplitude limited, whereas the experimental measurements
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are both. But using hypothesis H we can synthesise a noise process that is a first order 
representation of a typical channel.
Furthermore we shall show that if we use an individual polyphase component as the samples 
of a noise process, the curve of bit error rate (BER) vs. signal to noise ratio closely matches 
the curve for a Gaussian process, giving confidence that for practical puiposes each time- 
interleaved polyphase component could be regarded individually as a Gaussian noise process.
5.3.1. Background on Statistical Inference
In this study we will wish to test hypotheses that certain empirical measurements are 
modelled by a postulated statistical distribution, in order that we can construct a statistical 
channel model. This type of hypothesis is called a “statistical hypothesis”. When testing a 
statistical hypothesis we are typically given a set of measured samples x \ , i = 1,2,.. .N, and we 
wish to test an hypothesis H that the samples arise from a postulated statistical distribution, 
for instance N(p,a), where the parameters may be pre-determined or may need to be estimated 
from the data. More precisely, we wish to ask the question “do the experimental results falsify 
the hypothesis H”, i.e. demonstrate that H is untrue. To do this, we form a ‘statistic’, which is 
a deterministic function of the data, f({Xj}). The ideal statistic would produce only two values: 
“the evidence does not falsify H” or “H is falsified by the evidence”, and would invariably 
give the correct answer.
In practice the best we can aim for is a statistic that takes a range of values of which some 
portion indicates that the hypothesis is more or less strongly falsified. The “strength” with 
which a hypothesis is falsified is called the “significance level” of the test. To illustrate this, 
consider a statistic f({*i}) and suppose that when hypothesis H is true, f is less than 0 with 
95% probability and f greater than 0 with 5% probability. Then when an experimental result 
produces f>0, we say that hypothesis H is rejected at the 5% significance level.
The fact that an experiment rejects an hypothesis at a given significance level, say 5%, does 
not mean that the hypothesis is actually incorrect. Indeed, if we conduct 100 independent 
experiments using the statistic above we would expect to see on average that a true hypothesis 
is rejected at the 5% significance level in five of them; if the hypothesis was never rejected at 
the 5% significance level we should become suspicious that something fishy is happening... 
for example experimenter bias has crept in.
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If we conduct a large number of independent experiments we can measure how often an 
hypothesis H is rejected at the 5% significance level using a given statistic. If H is rejected 
almost all the time, ie the rejection rate is much larger than the significance level, then 
hypothesis H is probably completely wrong. If H is rejected exactly 5% of the time, ie the 
rejection rate exactly matches the significance level, then H probably describes the statistics 
of the measured data very accurately.
In our case an intermediate situation arises. In the case of the mains communications channel, 
whose characteristics depend on the individual location, it is not reasonable to expect that 
experimental characteristics would exactly match the hypothesis that each polyphase 
component is a Gaussian process; in any case measurement artefacts such as quantisation and 
amplitude limiting will introduce distortions of their own. In practice, as noted in [PRESS], 
experimenters often have to be satisfied with a rejection rate which is substantially larger than 
the significance level.
The best we can expect is to produce a statistical model that gives a satisfactory description of 
what happens in a typical scenario. Therefore we have to form a criteria to decide whether the 
hypothesis H is “good enough to be useful”. This will be based on judgement and knowledge 
of what H is used for.
In this study we are typically testing an hypotheses about a rule for synthesising channel 
impairments of the mains communications link. We must bear in mind that synthesising 
channel impairments is not our principal aim; it is simply a tool which allows us to compare 
alternative communications schemes. For this purpose, we re-iterate the modelling 
assumptions in section 2.6.1 and in particular the objective to provide a satisfactory model 
which covers 90% of locations. This is interpreted as a requirement that in 90% of locations, 
the chi squared rejection rate at the 5% significance level is no greater than 50% .
To quote from [PAPOULIS], “hypothesis testing is not a part of statistics. It is part of 
decision theory, based on statistics. Statistical consideration alone cannot lead to a decision... 
[which] take into consideration other, often subjective factors, for example our prior 
knowledge concerning the truth of [the null hypothesis] or the consequences of a wrong 
decision”.
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5.3.2. Chi-Squared Statistic
A widely used method to test an hypothesis that a given set of independent sample comes 
from a particular statistical distribution is the chi-squared test of goodness of fit (Hogg & 
Craig [HOGG], Press et al. [PRESS], Knuth [KNUTH]). This method has the virtue of 
simplicity, ease of application and well known properties.
The chi-squared method assumes the total event space of an experiment is divided into a finite 
number of disjoint sets, or ‘bins’. If the experiment has a finite number of outcomes, for 
example the roll of two dice, then each possible outcome could correspond to one bin (in this 
case the bins would not be equiprobable). If the experiment has an infinite set of outcomes 
then the event space must be divided into bins in some appropriate way (for example into 
disjoint ranges). Given the hypothesised distribution, each independent sample has a known 
probability of falling into any particular bin. If some bins contain ‘implausibly many’ samples 
while others contain ‘implausibly few’ (in a sense to be made precise below), then the chi 
squared test rejects the hypothesised distribution. It also rejects the hypothesised distribution 
if the number of samples in each bin is ‘implausibly exact’.
The chi-squared test forms the “chi-squared statistic”:
Where n. is the expected number of samples to fall into the z’th bin according to the 
hypothesis being tested, and N t is the actual number of samples that fall into that bin and B is
the number of bins. On the assumption that the correct hypothesis is used to describe the 
distribution, the probability distribution of chi-squared statistic approximates to the “chi
This approximation improves as the number of samples increases but is satisfactory provided 
that the expected number of samples per bin is at least five. If the hypothesis about the
(assuming we are not dealing with pathological situations or outright massaging of data) and 
the experimental values of the chi squared statistic will be larger than predicted by the chi- 
squared distribution.
squared distribution with v degrees of freedom”, where the value of v is discussed below.
statistical distribution is wrong, then the error terms (». -  Nt )2 will be larger than expected
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The number of degrees of freedom v is calculated by applying certain rules. If the number of 
bins is B and the total number of samples is pre-determined, and the parameters of the 
hypothesised distribution (such as mean or variance) are pre-defined, then v takes the value 
B-l. Tables are published of the PDF of the chi-squared distribution in v degrees of freedom 
[KNUTH].
Sometimes the data is used to estimate parameters of the hypothesised distribution. Part of the 
utility of the chi-squared method is that it is very simple to adapt its use to circumstances 
where parameters are estimated from the data: for each estimated parameter, v is decreased by 
1. In principle the estimator used should be a special type of estimator, a ‘minimum chi- 
squared estimator’, otherwise this result is only approximate. As noted in [HOGG], for 
normal distributions the minimum chi-squared estimator is difficult to compute so in practice 
maximum likelihood estimates are used; this is the approach we take here.
A Note on Unbinned Methods
Using the chi-squared method to test a probability distribution whose domain covers a 
continuous range of values requires that we somehow ‘bin’ the values. This is unattractive 
because the process of choosing bins is rather arbitrary and the assignment of the Xj to a bin 
loses information. Although the Kolmogorov-Smimov (K-S) test avoids this problem, there is 
a severe problem with it, or at least with the present mathematical understanding of this test. 
The distribution of the statistic associated with this test, the K-S statistic, is a well understood 
function of N, provided that the hypothesised distribution P (x) is completely known. If, 
however, the data points are used .to estimate parameters of P (x) such as mean and variance, 
there is no simple analytic expression for the resulting distribution of the K-S statistic; the 
only approach is to do (computer intensive) Monte-Carlo simulations [PRESS],[KNUTH]. 
This contrasts with the chi-squared statistic, which simply loses a degree of freedom for each 
parameter that is estimated from the data.
5.3.3. Applying the Chi-Squared Test to the Noise Process
The experimental data consisted of sets of IQ values measured at a receiver during a one 
second “burst” (i.e. 50 AC cycles). These measurements were taken at different locations, 
different frequencies and at different times. The sampling rate was 1600 samples per second, 
allowing the AC cycle to be divided into 32 polyphase components, each containing 50 noise 
samples. Since the receiver filter has a bandwidth of 500 Hz (i.e. a time constant of ~2ms), we
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expect significant cross correlation between two neighbouring polyphase components. To 
ensure that the data sets are nearly independent we use only every 8 ’th polyphase component, 
giving four used subsequences with a phase separation of 90° corresponding to a time 
separation of 5ms.
This section examines two questions:
is the noise process at a fixed phase in the AC cycle approximately normal? 
is it stationary?
The I and Q components of each selected subsequence are separately subjected to the 
hypothesis that they have a distributions N(pi,cyi), N((.iq,aQ) where and j l i q  are the mean I 
and Q values and <j\ ,aQ are the variance of the I and Q values. The quantities oi ,aQ are 
estimated independently from the data using the maximum likelihood estimate:
In principle I and Q may be correlated, in which case the received noise signal would be a 
bivariate normal distribution; however it would still be the case that the I and Q components 
arise from normal distributions, and this is the hypothesis we will test.
Now partition the I and Q data into 8 equal probability bins. The f th  bin corresponds to the 
range of values in which the cumulative density function lies in the range [(/-l)/8 , i/8]. The 
choice of 8 bins ensures that the expected number of samples per bin at least 5 (since we 
have 50 I and Q samples), which is the minimum needed to ensure the validity of the chi- 
squared test. The following figure illustrates the boundaries of each range, and the value of 
the PDF at the boundaries, in the case of N(0,1).
2 1
( 7
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8 equal probability bins for N(0,1)
1 i i i .... ...........1------- i ------------- 1--------- 1
0 .9 - -
0 .8 - -
0 .7 • -
0 .6 - -
0 .5 - -
0 .4 -
+  +  + -
0 .3 - +  + -
0 .2 - +  + -
0.1 - -
0 i 1 1 1 __ 1 1
-4 -3 -2 -1 0 1 2 3 4
bin e d ge  value
Figure 5-7 Equal Probability Bins for Normal Distribution
Now count the number of readings in each bin, and compute the %2 statistic. This value is 
compared with the 5% probability level of the %2 distribution with 5 degrees of freedom. Why 
5 degrees of freedom? First, 8 degrees of freedom corresponds to partitioning the data into 8 
bins; one degree of freedom is lost since the number o f samples in the 8 ’th bin is fully 
determined by knowledge of the other 7, and two degrees of freedom lost when estimating p 
and cr from the data.
5.3.4. Results of Chi-Squared Test
The following results are from measurements conducted at domestic locations, and show the 
rejection rate of hypothesis H at the 5% significance level at domestic locations. In every case 
the rejection rate is below 50%. As a result one can conclude that the hypothesis H gives a 
satisfactory 1 st order approximation to the noise process.
Table 5-1 Chi-squared statistics for hypothesis H
Location Noise process subsequence is Gaussian: rejection rate at 
5% significance
Home49C: 11/8/97 Not avail
Home73A: 13/1/98 30%
Home73A: 18/1/98 31%
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Home40T: 7/2/98 Not avail
Bam: 15/2/98 29%
Home49C: 21/3/98 2 2 %
Home75AL: 28/3/98 34%
Home73A: 19/12/98 18%
Home40T: 25/12/98 34%
Home23K: 31/12/98 41%
Homel9H: 01/01/99 35%
Home9SJS: 02/01/99 40%
Home73A: 11/01/99 Not avail
5.3.5. Error Rate Analysis
The reason for characterising the noise process is to develop an understanding o f its effect on 
the error rate of the signal and produce a model with similar statistical behaviour. If  the 
analysis above has any meaning, it is that the polyphase components which result from 
decimating the noise process modulo the AC cycle period behave, as far as the error rate is 
concerned, like a Gaussian process, and certainly are ‘more similar’ to Gaussian noise than 
the original noise process.
Numerical simulations using a recorded noise process show that this is indeed the case. In the 
first set of simulations, unity power bipolar signal samples were added to samples from a 
polyphase component of the noise process, appropriately scaled to produce a desired signal to 
noise ratio. The error rate computed was the proportion of occasions in which the resulting 
sum was in the opposite half plane compared with the bipolar sample. This procedure was 
repeated for all polyphase components and all sampling frequencies and the error rate was 
averaged.
The results at a particular location (“Home49c”) are shown in the figure below. The 
theoretical error rate of a bipolar signal in Gaussian noise is marked on the graph as a series 
of diamonds. Note the close agreement between the theoretical error rate and the actually 
measured error rate.
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error rate vs power of decim ated noise se q u e n ce
signal to noise ratio (dB) 
location: hom e49c study lounge m easurem ent time: S at M ar 21 11:09:40 1998
Figure 5-8 Bit error rate for BPSK due to polyphase component of channel noise
(comparison with Gaussian noise)
In the second set of simulations, the original (undecimated) noise process samples with 
appropriate scaling were added to unity power bipolar samples to produce a known signal to 
noise ratio, and the error rate computed in the same way.
Observe that the BER curve produced by the noise process is flatter than that of a Gaussian 
process; at low signal to noise ratios it gives better performance by 1 to 2 dB, and at high 
signal to noise ratios it gives worse performance. This is to be expected from a noise process 
which we can regard as the composition of several interleaved Gaussian noise processes with 
different powers; when the signal to noise ratio is high, the strongest process will 
disproportionately degrade the error rate and lead to a resulting error rate above that of a 
Gaussian process; and visa versa when the signal to noise ratio is low.
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error rate vs power of no ise s e q u e n c e
signal to n o ise  ratio (dB) 
location: hom e49c study lounge m easurem ent time: Sat M ar 21 11:09:40 1998
Figure 5-9 BER produced by actual noise process (sample by sample decision)
To show that this is not a freak occurrence, the same simulation was done for other locations 
and the results were similar. In conclusion, the polyphase components o f the noise process 
have properties that on average give a good match to a Gaussian process. However the noise 
process itself produces a BER characteristic that is flatter than that of a Gaussian process at 
least for sample by sample decisions.
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error rate vs power of decim ated  no ise se q u e n c e
signal to noise ratio (dB) 
location: hom e 73a study bed1 m easurem ent time: Tue Jan 13 20:00:17 1998
error rate vs power of no ise se q u e n ce
signal to noise ratio (dB) 
location: hom e 73a study bed1 m easurem ent time: Tue Jan 13 20:00:17 1998
In conclusion, these results support the hypothesis that the polyphase components of the noise 
process, resulting from decimating modulo the AC cycle period, behave like Gaussian noise.
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5.3.6. Modelling Noise Power Variation with Phase
Section 5.2 shows that the average noise process power varies cyclically. This variation has a 
periodicity which matches the AC cycle. This section characterises this power variation and 
proposes a ‘typical’ model. It concludes that treating the average power (in decibels) as a 
constant value plus a sinusoidal variation at 100 Hz gives a satisfactory order-of-magnitude 
approximation in the great majority o f cases.
Consider a representation of the observed noise process n /t)  as the product of a random 
“noise generation process” ng(t) and a deterministic “multiplicative noise fading process” 
F„(0) which varies at the AC cycle rate l/TM .For convenience both ng(t) and F„(0) are 
defined as unity power processes, and the average noise power observed by the receiver is
given by N c :
nf (t) = N c Fn (6 )ng (t)  t5"1]
Where 0= 2  n \t mod TM ]/ TM is the phase of the AC cycle. Note that 0< 0 < 2%.
Note: by definition x mod y  for real valued x,y is: x mod y  = x -y Lx/yJ, where L/’J represents 
the ‘floor’ function of a real number, ie largest integer not greater then r.
It has already been shown above that the noise received noise process n ft)  can be regarded as 
Gaussian process with cyclically varying amplitude, therefore ng(t) can be modelled as a 
Gaussian process. This can be modelled using a process hg (t) generated using pseudo­
random normal deviates via the Box-Muller algorithm [PRESS].
It remains to model P„(0) , the noise fading power process, defined as P,i(0)=|F„(0)|2 . Any 
proposed model of the power of an observed process P„ (0) applied to Gaussian noise should 
be evaluated by comparing how closely the modelled log power variation matches the log 
power variation of the observed process. Noise power should be compared in the logarithmic 
power domain, not the linear power domain. The model described below matches the noise 
power variation to within ±2.5dB on average. It is simple and robust and gives correct order 
o f magnitude behaviour.
P„ (0) is modelled by causing the logarithm of the noise process power to vary sinusoidally at 
twice the AC cycle rate. Without loss of generality assume that the average power in dB of
Chapter 5 79
Powerline Communications using the low voltage mains supply in the CENELEC frequencies
both model and observations are both zero, since this can be achieved by scaling with a 
constant factor. The model was validated against an observed process by using an error metric 
which uses the difference between the log power excursion o f the model and the log power
excursion of the observed process. The noise power variation model Pn (0 ) is defined using
the following expression:
varies around its logarithmic long term mean at twice the AC cycle rate (ie 100 Hz) with a 
peak to peak variation of App> measured in dB. The constant K  is chosen to ensure that
Pn {0) is a unity power process according to the procedure below. The modelled noise 
process power is minimal at the zero crossings, as discussed in section 5.5. There is one free 
parameter in this model, App and this determines K.
Taking antilogarithms gives the following expression for the noise fading power process:
The technique used to model the noise process is to generate a unity power process with the 
correct amplitude variation and then to scale it according to the signal to noise ratio. The 
unity power modelled noise process model is derived from [5-1] by multiplying a unity power 
complex Gaussian process ng{i) (generated using a pseudo-random sequence) by the noise 
fading process to produce a modelled noise process :
10 log!o(p„ (0 )) = - ~ A pp cos20 + 10 logK [5-2]
That is, the logarithm of Pn (0 ) ,  the average noise power in dB at phase 0 in the AC cycle,
[5-3]
The multiplicative noise fading process is derived by taking the square root:
[5-4]
[5-5]
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The constant K  is chosen as follows to ensure that Pn (0)  has unity power. The simplest way
The most practical way to evaluate K  is via numerical integration, and this was the technique 
used by all simulations in this study.
It is also possible to express K  in terms of a Bessel function of the 1st type of index 0, and this 
representation is now derived. A Bessel function of the 1st type of index n can be represented 
as follows [BRONSHTEIN]:
Equating with [5-6] yields the following expression for K  in terms of a Bessel function of 
index 0 :
/V A
to do this is numerically average Pn (0) over once cycle. Since Pn (i9) is periodic in twice 
the AC cycle frequency, this yields:
[5-6]
( - 0" [5-7]
Using natural logarithms [5-6] can be re-written:
[5-8]
, writing (J)=20
, by symmetry around n
K  = l / J 0 (iln lO A p p /2 0 ) [5-9]
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5.3.7. Accuracy of Modelled Noise Power Variation
A metric is now developed to justify the fit of the modelled noise power to the actual noise 
power. This error metric measures the absolute difference in the modelled logarithmic power 
variation (averaged over many AC cycles) compared with that of the empirically observed 
noise process. The justification for this is that typically the logarithmic bit error probability is 
the most interesting performance measure, and its trend against logarithmic signal to noise 
ratio can be approximated closely by piecewise linear segments provided the power range is 
not too great (up to about 4 dB). For convenience the metric gives a result in dB, thus:
where the integral ranges over the AC cycle from 0 to 2n.
The figures below illustrate the measured periodic noise power variation at two spot 
frequencies at one location and the corresponding modelled variation. A sinusoidal 
approximation leaves a residual error of 2.5 dB on average. This is typical: sometimes an 
approximation as good as less than ldB is achieved, and the average residual error is larger 
than 4dB only 5% of the time (Table 5-2). To summarise, a sinusoidal approximation in the 
logarithmic domain gives a satisfactory ‘order of magnitude’ approximation to the amplitude 
variation of the noise process.
2  K
{jjio  logio {p„ ( e )} -1 0  Iog10 {p„ {f ffyo)
[5-10]
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N o ise  pow er vs A C  p h a s e  (norm alised  to OdB m ean  power) 40 K H z
d egre es  
location: h om e 73a s tud y  bed1 
m e a su re m e n t tim e: Tue Jan  13 20:00:17 1998 
average fitting error (dB): 2
Figure 5-10: Noise power variation @ 40kHz (average modelling error 2dB )
N o ise  pow er vs A C  p h a se  (norm alised  to OdB m ean  power) 50 K H z
d egre es  
location: h om e 73 a  stud y  bed1 
m e a su re m e n t tim e: Tu e  Jan  13 20:00:17 1998  
average fitting error (dB): 2
Figure 5-11: Noise power variation @ 50kHz (average modelling error 2dB )
Table 5-2 below records the extent of noise variation with AC phase together with the 
modelling error assuming log-sinusoidal variation as in equation [5-10], measured at a
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number of different locations at the six spot frequencies 40,50...90 kHz. In the 1st (leftmost) 
column is the location and time at which the readings were taken. In the 2nd column is the 
peak to peak power variation over the AC cycle, recorded for a two second burst, 
corresponding to the solid line in the illustrations above. In the 3rd column is the average error 
due to modelling this variation using the log-sinusoidal model. Where more than one 
measurement was taken at a given frequency results were first averaged. At the foot of the 
table there is a summary of the results.
The figures indicate the following (see summary at foot of table):
The average peak to peak variation of noise spectral density across the AC cycle is 17 dB.
The central 90 percentile range of the peak to peak variation lies between 8 and 26 dB.
Average noise amplitude modelling error is 2.5 dB, with the worst case 95 percentile 
point being 4 dB.
From this we conclude that noise variation during the AC cycle is very significant. Modelling 
it using equation [5-10] can be expected to yield a good quantitative match to actual 
performance, since the average modelling error o f 2.5 dB is much smaller than the average 
power variation of 17 dB. Chapter 8 gives quantitative performance results for a number of 
communications schemes using this model.
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Table 5-2 Noise amplitude variation over AC phase: Measured results and fit of model
average p-p noise power average noise amplitude
variation over AC cycle modelling error (dB)
N N N N N N N N N N N N
X X X X X X ini* X X X X X
/—•> /“-N .M j* :L J K—J
io
v—/
CO
v_ j
Is-
w
00
W
O )
v J w
LO CO
CD
Is-
L J
00
CD
CD
Domestic Locations
BARN: 15/2/98 14 18 19 16 13 13 2 2 2 2 2 2
HOME19HD: 01/01/99 20 21 21 20 7.8 17 3 3 3 3 1 3
HOME23KG: 31/12/98 17 22 21 16 12 14 2 3 3 3 3 3
HOME40T: 7/2/98 22 24 24 22 17 21 2 3 3 3 3 4
HOME40T: 25/12/98 17 27 26 12 10 13 3 4 4 2 2 2
HOME49C: 8/11/97 12 28 27 15 8 16 3 4 5 2 2 2
HOME49C: 21/3/98 21 16 19 15 3.4 12 3 2 2 2 0 2
HOME73A: 13/1/98 16 20 19 14 6 11 3 2 2 2 1 2
HOME73A: 18/1/98 11 24 20 12 7.7 9.7 2 4 3 2 2 2
HOME73A: 11/01/99 8.5 18 22 18 9 12 1 3 3 2 1 1
HOME75AL: 28/3/98 14 25 21 12 5 12 2 4 3 2 1 2
HOME9SJS: 02/01/99 22 22 25 23 11 20 3 3 3 3 2 3
Hotels
HOTELJWH: 16/1/98 18 26 25 24 11 20 2 4 4 3 2 3
HOTEL_PH: 24/1/98 22 19 18 21 20 17 3 3 2 3 3 3
HOTEL_H: 27/1/98 18 20 18 22 14 15 2 3 2 2 2 2
HOTELJPS: 17/9/98 23 30 22 19 3.3 9.3 3 5 3 3 1 2
HOTEL_E: 9/6/99 19 23 19 17 14 14 3 4 3 3 3 2
Offices
OFFICEN: 26/11/97 8.5 11 8.5 19 14 6 1 2 2 3 3 1
OFFICEN: 27/11/97 9.7 18 13 19 9 9.3 1 3 2 3 2 1
PALAlS_DE_C: 28/01/98
PALAlS_DE_C: 29/01/98 14 21 29 26 22 21 2 3 4 3 3 3
OFFICE-TM: 26/11/98
Averaae oer freauencv 16 22 21 18 11 14 2 3 3 2 2 2
Average overall 17 2.5
Low (5'th) percentile 8 1
Hiah (95'thl oercentile 26 4
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5.4. Autocorrelation properties of the Noise 
Process
The section above has characterised the important first order stochastic properties of the noise 
process, where in this context ‘first order’ relates to statistics that are dependent on one 
instant of time such as mean and variance. In particular it has shown that for practical 
purposes the noise process could be modelled as a Gaussian amplitude distribution with a 
mean and variance that varies cyclically.
The second order properties of a stochastic process are also very important. For example, if  a 
stochastic process satisfies certain stationary requirements it is possible to use well known 
estimation techniques to extrapolate a given sample from surrounding samples, whether 
measured or estimated. We could potentially use such techniques to reduce the effects of 
noise, for example by jointly estimating the noise process over several symbols. As we shall 
see, the noise unfortunately does not possess the required second order stationarity properties.
Prior to the analysis, some definitions are needed.
The covariance g(t,t ') of two processes f(t) and g{t) (assumed for convenience to have zero 
mean) is defined as:
Rr&(t,t’)=E{f(t)g*(t)}
If f(t) and g(t) are the same sequence, we obtain the autocovariance as a special case of the 
covariance:
R n( t , t ' ) = m t ) f * ( t ) }
Putting t-t  this yields the variance which is defined as a special case of the autocovariance: 
o2f(0 = Rfi{i,0
By itself the value of the covariance is not very illuminating, since its magnitude depends on 
the scaling off(t) and g(t). Much more illuminating is the cross correlation coefficient, which 
is related to the covariance as follows:
p fg(t,t ’)  = Rfg(/,/ ’)N  {cr2f( 0  cj2g (t ') )
The cross correlation coefficient has the properties that:
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A. it is in the range -1 to 1
B. iff(t) and g(t') are statistically independent, then it takes the value 0.
C. If its absolute value is 1, then g (t’)  is a constant multiple off(t).
D. The scale of f(t) and g ( t)  does not affect the correlation coefficient: the correlation
coefficient is invariant with respect to multiplication of either by a constant factor. This is
not the case for the covariance.
The autocorrelation coefficient is defined as a special case of the cross correlation coefficient: 
Pdt.t ')= R n (« ')/ V { J i (0  ° 2r ( i ') }
Since by definition Rd t ,t) -  a 2f (t)} we have 
Pfl(U)=l.
Also for fixed t, R ^ t , t ’) is an Hermitian function of t, t ’ , that is:
R a a O = R
By definition a process f(t) is called wide sense stationary if  its mean is constant and its 
autocovariance Rff (t,t') is a function of x= t-t’ .
p  (0“ P Rfl{i, t ’)= R (t) , x= t-t ’ [5-11]
In the case of the background noise process, it can sometime have significant autocorrelation 
properties at lion zero time offsets. For example, the following graph illustrates the magnitude 
of the autocorrelation coefficient averaged over a one second segment duration of the noise 
process (with DC components, which would correspond to DC offset at receiver, removed). 
Note that the autocorrelation appears to peak at multiples of the AC cycle. The graph shows 
only positive timelags since the magnitude of the autocorrelation coefficient is an even 
function of the time lag.
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time lag (sec)
Figure 5-12 Noise process autocorrelation vs. timelag over V2 second
The following graph show the same information in greater detail near zero time lag:
noise process autocorrelation vs timelag
time lag (sec)
Figure 5-13 Noise process autocorrelation vs. time lag (time axis magnified)
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It has already been shown that first order statistics of the noise process are not stationary, 
since the noise power is modulated in a cyclic manner through the AC cycle. Therefore one 
cannot expect the second order statistics of this process to be stationary: the best one can 
expect of the second order statistics is that they too are cyclically varying. Now the theory of 
stochastic processes includes a well known class o f process which although not wide sense 
stationary has statistical properties which vary in a cyclic manner. Such a process is called a 
“cyclostationary process”. We will now examine whether the noise process has 
cyclostationary second order properties.
By definition a process f(t) with mean p(t) and autocovariance Rn{t,t) is called wide sense 
cyclostationary (WSC) if  there exists a time period T&0 such that:
[5-12]
p. (7+7727)=p (/) R n(t+mT, t ’+mT)= (t,t)
for eveiy integer m and all real values of t, t ’ [PAPOULIS] .
It is convenient to use a slightly different notation to denote the statistics of a cyclostationary 
process. Writing 0= 2n (t mod T)/ T, and x=t-t ’ we can re-express the mean, autocovariance 
and variance as:
[5-13]
Pe =  P (t mod T)= p (t), Rq ( t ) =  R¿ t,t  ’), a  0 =  Re ( 0)
The notations pe , ct2q capture the fact that the mean and variance are a function of the phase 0 
of the time parameter within the cycle period o f length T, and the notation Rq (x) captures the 
fact that the autocovariance as a function of time lag x is ‘indexed’ on the phase in the AC 
cycle.
The mean of the noise process is strictly zero and we have shown that the variance of the 
noise process satisfies the requirements o f wide sense cyclostationarity, in other words [5-12] 
is satisfied for t—t \  that is x=0. The question is whether this equation holds, at least 
approximately, when x + 0. Unfortunately this is not the case: although the noise process has 
cyclically varying mean and variance it is not a wide sense cyclostationary process.
The demonstration of this hinges on the existence of linear estimation techniques that allow a 
given sample of a WSC process to be estimated from knowledge of surrounding samples, 
provided p0 and Re (x) are known or have been estimated. The estimation error can also be
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predicted from knowledge of Rg (x). One can apply this estimation technique to samples of 
the actual recorded noise process, supposing that the noise process is cyclostationary with a 
time periodicity equal to half the AC cycle period. However the estimation technique fails to 
achieve the predicted accuracy by orders of magnitude, and this falsifies the hypothesis that 
the noise process is wide sense cyclostationarity with periodicity of the AC cycle.
Since we already know that cj20 , the variance of the noise process, has a periodicity equal to 
half the AC cycle period, the only possible candidates for the periodicity of the putative 
cyclostationary process were integer multiples of the half AC cycle length; in practice it is 
implausible that any periodicities would last longer than an AC cycle. Therefore we can also 
conclude the hypothesis of wide sense cyclostationarity with any periodicity is falsified.
We now proceed through the derivation of the linear sample estimator and calculate its 
estimation error. It can be shown (see [PAPOULIS]) that the optimum linear estimator for a 
zero mean random variable y  given observations of zero mean random variables 
x= {x,jc2,--- x„ }T is:
[5-14]
ycst= cxyT Rxx 1 *
Where cxy is the vector of cross correlations between x  and y, that is the z’th element o f cxy is: 
{cxy}i =E[:qy*] 
and Rx* is the cross correlation matrix of the ;q’s, ie 
{Rxx }ij =  E[A'i Xj*]
Furthermore, the expected value of the relative error squared is,
[5-15]
E[(y- y ^ f  ] /E[ /  ] = 1 -pxyT P „ pxy
Where pxy is the vector of cross correlation coefficients between x  and y  , derived from cxy as 
follows:
[5-16]
(Pxy }i = {Cxy}i / V (CT2 (*i) CJ2 (y) }
And Pxx is the matrix of cross correlation coefficients for the jc, ’ s  derived from (R** }y as 
follows:
{Pxx >s =  {Rxx }ij / V  {CT2 (jCi) cr2 (Jtj) }
[5-17]
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We assume that R** is non-singular, for if  it is singular we can prune elements out of x  until 
this is so. Then it also follows that is non-singular, provided none of the x\ have zero 
variance; again this is a tenable assumption since an x¡ with zero variance (and by hypothesis 
zero mean) is identically zero and can be pruned out. Note that in the special case of statistical 
independence between all elements o f*  and y  we have unity relative error.
This result can directly be used to interpolate an (unknown) sample of a wide sense stationary 
random process from (known) samples surrounding it. Suppose we wish to estimate sample 
s(t) at time t using samples -y(/+T,), s (H - x 2) ,  s(t+xn ) recorded at times M-Xj, t+x2, t+xn . We 
assume that the autocovariance R (x) as defined in [5-11] is known (either a priori or by 
estimation), at least for all time lags o f the form x¡ and x¡ - xj .We write y  for the unknown 
sample at time t, and equate the known samples to the elements of a vector x. Then equation 
[5-14] applies directly. Furthermore, the expected error is given by [5-15].
Conversely, we can test the hypothesis that a given sequence is WSS by recording it, then 
applying [5-14] to construct an estimate ses,(t) of each recorded sample from the surrounding 
samples. We then compare this estimate with the actual value recorded. We compute the 
average error in the estimate and compare it with [5-15]. If there is a reasonable fit, then the 
hypothesis remains credible. If there is a very bad fit, the hypothesis is certainly falsified. 
This, in outline, is the method we shall apply to falsify the hypothesis that the noise process 
has second order stationarity properties. As we shall see, we shall not need to quantify the 
difference between ‘good fit’ and ‘bad fit’ because the fit obtained is consistently wrong by 
orders of magnitude.
In fact the hypothesis we will test is whether the noise process is a WSC random sequence, as 
opposed to WSS (we already know it is not WSS, since it has time variant power). Equation 
[5-14] can still be applied directly, provided we index the autocorrelation function with phase, 
deriving writing R f t , t ’) from Re (x) as in equation [5-13]. We estimate RG (x) for all values of 
phase 0 and all relevant values of x, and apply equation [5-14] directly with the proviso that 
the elements of both cxy and R^ depend not just on the time lags between the samples but on 
the phase of t within the AC cycle. We make a similar adjustment to [5-15].
5.4.1. Autocorrelation: Empirical Results and Conclusions
This section contains empirical results regarding the autocorrelation properties of the noise 
process. A linear estimator was constructed to estimate the current sample using the eight
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surrounding samples at time lags (in ms): [-20, -15, -10, -5, +5, +10, +15, +20], The time lag 
between samples was chosen to ensure that inter-sample correlations introduced by the 
narrowband receiver filter were eliminated, and the range o f ± 2 0  ms ensures that any 
autocorrelation at a time lag of one cycle is exploited. The expected error was calculated in 
accordance with [5-15], using the hypothesis that the sequence was wide sense 
cyclostationary. The estimator was used to reconstruct the sequence from the surrounding 
samples and the actual error was calculated.
The results below relate to one measurement cycle at each location: ie the noise process was 
recorded over a one second period at the six spot frequencies 40,50...90 kHz.
The consistent outcome was that the actual error power was far larger than the estimated error 
power. When expressed as a relative error the absolute error power was invariably greater 
than unity, ie the process of interpolation was actually counterproductive since the residual 
error would have had more power than the original noise signal. This result is inconsistent 
with the hypothesis that the sequence is wide sense cyclostationary, which must therefore be 
rejected.
Location Estimated 
interpolation 
error (relative 
power)
Actual 
interpolation 
error (relative 
power)
Home73A: 13/1/98 20:00 2.85 34.4
Home73A: 18/1/98: 07:40 0.64 1.75
Home40T: 7/2/98 14:43 3.12 44.9
Bam: 15/2/98 16:12 0.645 1.61
Home49C: 21/3/98 11:09 1.49 13.1
Home75AL: 28/3/98 10:30 0.684 1.3
Home73A: 19/12/98 09:49 0 .6 86 1.85
Home40T: 25/12/98 12:40 2.48 29.4
Home23K: 31/12/98 10:39 2.26 23.1
Homel9H: 01/01/99 0.735 1.18
Home9SJS: 02/01/99 18:06 0.818 3.56
Home73A: 11/01/99 21:00 0.75 1.19
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5.5. Phase relationship with the AC cycle
There is little information concerning the time domain properties of the additive noise process 
in the technical literature, however such sources as do cover this subject agree on one 
important point: the noise is most severe near the peak of the AC power signal. O ’Neal 
reports that the noise process has marked time domain variations, being greatest near the peak 
of the power signal and least during the zero crossing, and proposes a modulation scheme 
with a variable symbol rate that counteracts this [ONEAL]. The effect is not quantified in that 
study. Hosono et al describe a system that counters this effect by only communicating near 
the zero crossing [HOSONO], although it is not explained how this works where cross phase 
communications might occur.
5.6. Modelling the Short Time Noise
This section proposes a model for the short time noise as observed by a narrowband receiver. 
It assume a receiver bandwidth of B  Hz run the model at a sample rate of 2B Hz, in which 
case B!25 independent samples are available to the receiver in each AC cycle.
The model is shown below in Figure 5-14. It incorporates the following features:
1. The additive noise process during the timescale of a few second long burst can be
modelled as a number of time-interleaved Gaussian noise processes, where each
interleaved process is associated with a constant phase in the AC cycle and has constant 
expected power. The minimum power is at the zero crossing.
This property can be verified by noting that the complex noise process, generated by the two 
Gaussian N(0,1) noise sources, is multiplied by an amplitude modulation process which 
repeats at twice the AC cycle rate; therefore samples at corresponding phases in different AC 
cycles have a Gaussian power distribution.
2. The variation in the log noise power is sinusoidal at a frequency of 100 Hz.
This function is achieved by the noise amplitude modulation process as labelled on the 
diagram.
3. Peak to peak noise amplitude modulation and total noise power are parameterised.
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The autocorrelation function satisfies neither the conditions for wide sense stationarity or for 
wide sense cyclostationarity. In the absence of an alternative model, it is proposed to model 
the noise as if its autocorrelation at nonzero timelags were zero.
Two independent Gaussian noise sources generate a complex valued Gaussian noise process, 
which is modulated in such a way that the resulting log power is sinusoidal. The normaliser 
ensures that the resulting signal has unity average power, and this is multiplied by the rms 
noise power to generate a noise process with the correct average power at the receiver.
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at zero crossing) 
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Figure 5-14 Proposed noise process model
This model has two parameters, described in the table below, and we write:
h f{ t)  = h f { t \N c ,A pp ) [5-18]
where h f {t) is the modelled noise process. The model parameters are as follows:
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Table 5-3: Additive noise process model parameters
Parameter Meaning Notes
Nc Average additive noise power introduced 
by mains channel
measured in receiver 
bandwidth
App Peak to peak variation of noise power measured in dB
Note the use of the notation Nc for the additive noise power rather than the more usual N0 . 
This emphasises the fact that the noise is introduced by the channel, not the receiver.
No attempt is made to model the autocorrelation properties at multiples o f the AC cycle that 
the noise process undoubtedly possesses. The autocorrelation is not stationary; modelling it as 
a stationary process would potentially favour predictive techniques that would not work in 
practice, therefore it is safer to model the autocorrelation at non zero time lags as if it were 
zero.
The 5 and 95 percentile points obtained from fitting this model to empirical results were App 
= 8  and App -26  dB. Note that in the special case of no amplitude modulation (App =0) the 
noise process would reduce to a Gaussian process.
5.7. Summary and Conclusion
This chapter has presented a novel model of the narrowband additive noise process during the 
timescale of a few second long burst. It can be modelled as a number of time-interleaved 
Gaussian noise processes, where each interleaved process is associated with a constant phase 
in the AC cycle and has constant expected power and the log power variation over the AC 
cycle is sinusoidal. To quantify this model two parameters are required, Nc and App . The first, 
Nc., is the noise spectral density and the range it takes has already been discussed in chapter 4. 
The range taken by App lies between 8 dB and 26 dB the majority o f the time.
The variation in noise power can be exploited in a modulation scheme; how this is done is 
later shown in chapter 8 . The autocorrelation function satisfies neither the conditions for wide 
sense stationarity or for wide sense cyclostationarity. In the absence of an alternative model, it 
is proposed to model the noise as if  its autocorrelation at nonzero timelags were zero.
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6.1. Qualitative Introduction
Chapter 6 introduces the subject o f time variant multiplicative distortion and gives a 
quantitative description of its key properties, which are signal to distortion power and the 
spectrum of the distortion process. Although the engineering literature has reported the 
existence of time variant multiplicative distortion, the material in this chapter is novel in that 
it provides a quantitative analysis o f its extent and properties. Numerous empirical results are 
presented.
When a sinusoidal carrier is transmitted over the mains its amplitude averaged over a second 
or more is stable for considerable periods of time. However, viewed at a finer timescale both 
the signal’s amplitude and phase vary rapidly, appearing to have strong periodicities at 
multiples of the AC line frequency. This variation is due to time variance in the multiplicative 
process given by m/t) of equation [2-1], which is the subject of this chapter. For convenience 
this equation is repeated here:
r(t) = s( t )mf (t) + nf (t) [6 -1 ]
Now rewrite this in a form which separates the time variant part o f the multiplicative process 
from the nearly constant part:
r{t) = Af s(t)[ 1 + clf  (/)] + nf (t) [6-2]
This partitions the multiplicative process into a constant part A f , that produces only 
attenuation and a phase shift, and a multiplicative distortion process d/t) that is time variant.
The graphs below illustrate a typical received signal, when a carrier at 40 kHz was 
transmitted. The first figure shows the variation in amplitude (dBV) of the received signal 
over an 80ms period. In this example the signal suffers from amplitude distortion of about 
3dB:
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Signal power:freq= 40KHz
Time (sec)
F igure 6-1: S ignal P ow er vs. tim e
At the time this experiment was performed, the in band noise power was -70dBV, yielding a 
signal to noise ratio o f better than 50 dB: so these distortions cannot be due to additive noise. 
The most reasonable hypothesis is that the channel introduces multiplicative distortion to the 
signal. There are physical arguments as well as experimental results supporting this 
hypothesis, which are discussed in section 7.4.
The complex envelope representation combines amplitude and phase onto a single phasor 
diagram, showing variation in the I-Q plane. The next figure plots the locus of the complex 
envelope of the received signal in the I-Q plane during the first 80ms of the 2 second 
observation above. The amplitude is normalised to unity. The oblong shape of the trajectory is 
typical. In addition to amplitude modulation, there is a phase swing of about 20° in each AC 
cycle.
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Received complex envelope, normalised to unity power over burst. Freq:40 KHz 
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Estimated SINAD: 13 dB
Time: Sat Mar 21 11:09:40 1998 Location: home49c study lounge 
Bdwth 500 Hz; time from burst start 1s; Duration 0.08s
Figure 6-2: C om plex envelope o f  received carrier traced over 2 seconds
Assume that transmission takes place over a channel where for all practical purposes additive 
noise can be ignored, writing n /t)~ 0  (in the example we are using for illustration the SNR 
was better than 50 dB, so the assumption is valid). Assuming a phase coherent receiver and 
noiseless channel, the received signal corresponding to a transmitted sinusoid is found by 
substituting s(t) - 1  into [2 - 1 ], giving:
This allows the multiplicative distortion process to be observed directly, by transmitting a 
sinusoid in a noiseless channel and observing the received signal. In particular, if  the channel 
were non-distortive we would have m /t) -  const , ie a pure attenuation, and after 
normalisation the received signal would have comprised a single point, 1=1 and Q=0. In 
practice the received signal deviates significantly from this point: the figure above shows that 
the locus of received signal in the IQ plane during a two second interval looks more like an 
oval than a point.
As a practical matter, since the channel probe has a narrowband receiver with a 3dB cut off at 
±250 Hz from the carrier, one is limited to observing a restricted range o f the spectrum of this 
process. Components of the multiplicative distortion process outside this bandwidth will be 
attenuated. In practice this does not appear to be a problem, as measurements below show that 
the spectrum of the distortion process rolls off much faster than the filter.
...— ■ .......... - i ------------------r  i ’ ’ - r ......................  i 1 .............i ......................
- .......... i ---------------- 1--------------------1-------------------
?
- ................—i-----------i i
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A second practical limitation is that the limited span o f time coherent observations. Due to 
memory limitations of the measuring equipment continuous, time coherent, observations 
cannot be taken over more than two seconds. As a result very low frequency components of 
ni/t) are probably not correctly measured.
6.2. The Power of the Multiplicative Distortion 
Process
The results in this section illustrate the ‘power’ of the multiplicative distortion process. Later 
chapters will show that it is sometimes strong enough to have a significant effect on the 
performance of the receiver; but this chapter merely presents measurements. This section uses 
a popular and well established measurement for the ‘power’ of the distortion: ‘Signal in Noise 
and Distortion Ratio’ or SINAD. Where the ‘wanted signal’ is a constant phasor, any non­
constant component of the received signal is due to distortion. Furthermore, only the non­
constant component of the received signal contributes towards distortion: since any constant 
component of the multiplicative distortion process is indistinguishable from an attenuation or 
phase shift. Therefore the effective SINAD is the ratio of the DC power o f the signal to the 
non-DC power.
This section illustrates the type of experimental evidence which characterises the 
multiplicative distortion. The next section presents measurements taken at different locations, 
different times and different frequencies. For now we will examine and explain the results of 
one experiment, typical of domestic settings, in detail.
' This experiment consisted o f two sets of measurements separated by about a half hour (at
14:43 and 15:06). For each measurement one channel probe unit transmitted busts of
sinusoidal carrier at six spot frequencies: 40, 50, 60, 70, 80 and 90 kHz and the other recorded
the received signal. Immediately after this the receiver unit measured the background noise
%
process, ie the signal at the receiver in the absence of a transmitted signal.
The figures below show a 40ms snapshot o f the complex envelope o f the received signal at 
three spot frequencies (normalised to unity power), during the first set of measurements at 
14:43. In each case the received signal power has been normalised to unity power, and in a 
noiseless and non-distortive channel the signal would be a constant phasor at + 1  on the real 
axis. In practice the signal seems to follow an oval shaped trajectory, where the size and 
orientation of the oval changes with frequency.
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Recei\ed complex en\elope, normalised to unity power over burst. Freq:40 KHz
1.5 - 
1 -
c
-1 -
-1.5 -
-2 1 1 1 1  1 1 1--------------------
-2 -1.5 -1 -0.5 0 0.5 1 1.5 2
in phase component 
Estimated SINAD: 9.7 dB
Time: Sat Feb 07 14:43:38 1998 Location: home 40T 
Bdwth 500 Hz; time from burst start 1s; Duration 0.04s
Figure 6-3 Run 1 of 2: Distortion at 40 kHz
Received com plex envelope, normalised to unity power over burst. Freq:50 K H z
in phase component 
Estim ated SINAD: 4.7 dB
Time: Sat Feb  07 14:43:38 1998 Location: home 40T  
Bdwth 500 Hz; time from burst start 1s; Duration 0.04s
Figure 6-4 Run 1 of 2: Distortion at 50 kHz
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Received com plex envelope, normalised to unity power over burst. Freq:60 K H z  
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Time: S at Feb  07 14:43:38 1998 Location: home 40T  
Bdwth 500 Hz; time from burst start 1s; Duration 0.04s
Figure 6-5 Run 1 of 2: Distortion at 60 kHz
Since the ideal received signal would be a fixed at unity on the real axis we can directly 
estimate the distortion by subtracting 1 from the received signal, which yields the signal to 
distortion power. The next figure plots the noise and distortion power relative to the wanted 
signal power (having normalised the wanted signal to OdB). Note that the SINAD was zero at 
80 kHz, indicating the signal was strongly distorted.
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Figure 6-6  SINAD at 6 spot frequencies
For completeness, the corresponding observations from the second set of measurements 
conducted half hour later at 15:06 are presented below. Note that the characteristics of the 
distortion process at each frequency hardly change, leading to the result that the SINAD is 
almost identical.
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R ece ived  co m plex  envelope, n o rm alise d  to unity pow er over burst. F re q :4 0  K H z
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Figure 6-7 Run 2 of 2: Distortion at 40 kHz
R eceived  co m plex  envelope, norm alised  to unity power over burst. F re q :5 0  K H z
in p h a se  com pon en t  
E stim a te d  S IN A D : 4 .8  dB
Tim e: S a t  F e b  07 15:06:04 1998 Location: hom e 40 T  
Bdw th 500 H z; tim e from burst start 1s; Duration 0 .04s
Figure 6-8 Run 2 of 2: Distortion at 50 kHz
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R ece ived  co m plex  envelope, norm alised  to unity pow er over burst. Freq :6 0  K H z  
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Figure 6-9 Run 2 of 2: Distortion at 60 kHz
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Figure 6-10 SINAD at 6 spot frequencies Run 2 of 2
The distortion illustrated above arose from signal distortion and not from background noise; 
the background noise power was simply too low to cause such distortion. The following
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figure plots the received signal power and the background noise power at the six spot 
frequencies, during the first measurement. The constant line at -4dBm  is the transmitter 
power. The signal-to-background-noise ratio is better than 40 dB at all six frequencies. Since 
the SINAD is never better than lOdB, we conclude that multiplicative distortion dominated 
the SINAD in every case.
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Figure 6-11 Received signal power and background noise power at six spot frequencies
6.2.1. Severity of Multiplicative Distortion: Measured Results
Table 6-1 below presents a results from representative series of experiments. Each experiment 
consisted of at least two measurements, and sometimes more, typically taken at one hour 
intervals.
In all measurements listed below the SINAD was dominated by distortion, not background 
noise; where this was not the case the measurement has been excluded. The signal to 
background noise ratio during each experiment according to which this decision was made 
can be found in Table 4-1.
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The results shown below tabulate that SINAD at each of the 6 spot frequencies during every 
experiment carried out. Invariably the measured SINAD was virtually identical in consecutive 
measurements during an experiment at a given location.
It is clear that the SINAD varies with frequency and location. However it is also clear that 
during a given experiment the SINAD is correlated across all frequencies: either it is 
consistently better or worse than average. For this reason we must take readings from several 
locations to obtain a representative sample.
To summarise the numerical results in the table below:
The average value of the SINAD is 12 dB (see summary at foot of table).
The value of the worst case 95’th percentile of the SINAD is 5dB, i.e. in only 5% of cases 
was the SINAD less than 5 dB (see summary at foot of table).
The SINAD at different frequencies is related, ie consistently better or worse than 
average. The variation in SINAD across frequencies is on average 8 dB (see summary of 
centre column of figures)
Over the course of several hours the SINAD at a given frequency varies by less than 2dB 
in 95% of cases (see rightmost column).
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Table 6-1: SINAD due to multiplicative distortion process
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Domestic Locations
BARN: 15/2/98 11 13 13 12 9 8 5 1 1 1 1 2 2
HOME19HD: 01/01/99 14 12 14 15 15 16 4 1 2 3 1 1 1
HOME23KG: 31/12/98 9 6 8 8 11 7 5 1 1 1 1 1 0
HOME40T: 7/2/98 10 5 6 3 0 6 10 1 0 0 0 0 0
HOME40T: 25/12/98 11 9 11 15 14 14 6 1 1 1 1 1 1
HOME49C: 8/11/97 9 4 11 13 16 16 13 1 1 1 1 3 1
HOME49C: 21/3/98 12 9 11 11 13 17 8 1 1 1 0 1 1
HOME73A: 13/1/98 16 12 16 18 17 15 6 0 0 0 0 0 0
HOME73A: 18/1/98 17 13 15 13 13 10 7 1 1 2 2 3 2
HOME73A: 11/01/99 14 8 8 14 10 14 6 0 0 0 0 1 1
HOME75AL: 28/3/98 11 8 11 22 19 17 14 0 1 0 2 1 1
HOME9SJS: 02/01/99 13 9 11 9 8 7 6 1 1 0 0 0 0
Hotels
HOTEL_MH: 16/1/98 12 15 16 15 13 9 7 1 1 0 0 1 0
HOTELJPH: 24/1/98 11 8 7 4 0 5 11 0 0 0 0 0 0
HOTEL_H: 27/1/98 13 18 17 17 16 14 5 0 0 0 0 0 0
HOTEL JPS: 17/9/98 11 19 17 9 9 14 10 1 0 1 0 1 1
HOTEL E: 9/6/99 7 15 14 12 12 7 8 1 1 0 0 0 0
Average per frequency 12 11 12 12 12 11 1 1 1 1 1 1
Consolidated averages: 12 =average SINAD 8 1 =average time variatior
5'th percentile 17 =best case SINAD 5 0 =least time variation
95'th percentile 5 =worst case SINAD 13 2 =most time variation
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6.3. Time Domain Trajectory: Quantitative Results
The next chapter develops a statistical model of the time domain trajectory of the distortion 
process, which will comprise part of the channel model. This model is motivated by results 
presented in this section. This study is not an investigation into the detailed dynamics o f the 
multiplicative distortion process. It is interested only in how the process affects demodulator 
performance. Therefore distortions that have no practical effect on the demodulator at the 
error rates o f  interest to this study (see section 2.6.3) do not need to be modelled. As 
explained in that section, this investigation concentrates on bit error rates in the range 10 " 1 to 
10‘3
We will provisionally suppose that distortion below -9dBc will not have a significant effect 
on the error rate. This limit is chosen provisionally on the basis that for Gaussian distortion, a 
BPSK signal received with a SNR of 9dB would give a bit error rate of better than 1 in 10'4 
with optimum demodulation ([PROAKIS]), an order o f magnitude smaller than the minimum 
error rate of interest. In chapter 8 simulated performance figures show this to be a 
conservative assumption.
The following figures illustrate the properties o f the distortion trajectory measured at two 
typical locations. The following information is shown. The figure at the top is a plot o f the 
trajectory of the baseband complex envelope in the I-Q plane. The lower figure plots the 
power spectral density of the baseband complex envelope in the range ±800 Hz (over the two 
second received burst). Since the transmitted signal was a constant power sinusoid, the 
spectral component at 0 Hz gives the power of the wanted signal at the receiver: all other 
components are due to multiplicative distortion (additive noise was too weak to have any 
significant effect).
The trajectory is approximately periodic at multiples of the AC cycle rate and the power 
spectral density plot contains spectral components at multiples of the AC cycle rate. 
Distortion is dominated by the spectral components at ± 100 Hz. Up to 250 Hz, the roll off 
rate of the spectral power of the distortion is at least 10dB /100 Hz, and reaches at least 20 dB 
at the nominal 3dB point of the receiver filter (±250 Hz). Therefore the spectral components 
of the multiplicative distortion process outside the receiver bandwidth are not significant.
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These observations indicate the possibility that it might be possible to accurately model the 
multiplicative distortion process using complex exponentials with a ±100 Hz frequency. Such 
a model is presented in Chapter 7. The accuracy this model achieves is indicated in Table 
7-1, whose second column tabulates the residual power in the distortion process after the 
modelled ±100 Hz components have been subtracted. Such a model achieves more than the 
desired accuracy of-9dBc: the 95’th percentile worst case modelling error is -11 dBc.
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Figure 6-12 Trajectory and Spectrum of complex envelope
Location:
HOME49C: 8/11/97,
Frequency:
50 kHz,
Effective SIR: 
4dB
Received com plex envelope, norm alised to unity power over burst. Freq:50 K H z
in phase com ponent 
Estim ated SINAD: 3.7 dB
Time: Sat Nov 08 13:13:19 1997 Location: hom e 49C  study-lounge  
Bdwth 500 Hz; time from burst start 1s; Duration 0.04s
Received Signal [Normalised to Unity D C  Power], B aseband  Spectrum : freq= 50KH z
Offset from Carrier in Hz
carrier to +/-100 Hz distortion: 4.71 dB 
carrier to residual distortion: 11.6 dB
Time: Sat Nov 08 13:13:19 1997 Location: hom e 49C study-lounge
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Figure 6-13 Trajectory and Spectrum of complex envelope
Location:
HOME40T: 7/2/98
Frequency:
50 kHz
Effective SIR: 
5dB
Received com plex envelope, norm alised to unity power over burst. Freq:50 K H z
in phase  com ponent 
Estim ated SINAD: 4.7 dB
Time: S at Feb  07 14:43:38 1998 Location: hom e 40T  
Bdwth 500 Hz; time from burst start 1s; Duration 0.04s
R eceived Signal [Normalised to Unity D C  Power], B aseband  Spectrum : freq= 50K H z
Offset from Carrier in Hz 
carrier to +/-100 H z distortion: 5.39 dB  
carrier to residual distortion: 13.5 dB
Time: S a t Feb  07 14:43:38 1998 Location: hom e 40T
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6.3.1. Timing Relationship with AC Cycle
Since the multiplicative distortion process is approximately periodic, and has frequency 
components which are multiples of the AC cycle frequency, there is clearly a fixed 
relationship with the AC cycle for a given transmitter- receiver location and frequency. 
Further than that there appears to be no general relationship between the distortion process 
and the phase of the AC cycle: it is not possible to predict, for example, whether the 
amplitude will reach a maximum, minimum or midway point at the AC crossing without 
actually measuring the process. Observations reported in Chan and Donaldson [CHAN86] 
illustrate all cases, with transitions between one case and the other when new equipment was 
turned on.
Therefore knowledge of the AC cycle phase timing does not allow us to deduce useful a 
priori information about the multiplicative distortion process. Indeed for phase to phase 
signalling it is unclear whether knowledge of AC phase has any usefulness in the context of 
power line communications.
6.4. Literature Review and Conclusion
Impedance modulation has been is reported on North American mains networks in [ONEAL] 
and also [CHAN86]. It is also reported in [TSUMURA]. However its extent is not quantified 
in the literature.
The material presented in this chapter is novel since it quantifies the key parameters of the 
narrowband multiplicative distortion process, including its spectral properties; the resultant 
SINAD; the variation of these properties over time; and the variation of these properties with 
frequency.
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7. Modelling Multiplicative
Chapter 7 describes a novel quantitative model of the multiplicative distortion process as it 
affects a narrowband channel and demonstrates its satisfactory statistical fit to empirical data. 
It is shown that the process can be modelled to a sufficient degree o f accuracy to assess low 
data rate narrowband communications performance using a sinusoidal multiplier at twice the 
AC cycle rate. Provided the average signal attenuation is known, only three parameters are 
required. The model is quantified by providing empirically measured ranges for these 
parameters. A novel proof is given to show that periodic impedance modulation can give rise 
to the observed multiplicative distortion process.
The previous chapter presented empirical measurements of the multiplicative distortion 
process. This chapter constructs a model from these measurements with the specific objective 
o f estimating its effect on receiver performance. Throughout this chapter background noise is 
assumed to be zero, and other assumptions are given in section 2 .6 . 1 .
7.1. Effect of Multiplicative Distortion
First consider the effect that multiplicative distortion would have on the performance of a 
matched filter receiver from a qualitative viewpoint. The effect would depends both on the 
type of modulation and the exact characteristics of the distortion process.
We assume a receiver which makes independent symbol decisions. The optimum receiver 
partitions the complex plane into a set o f ‘decision regions’, which is a set o f disjoint regions, 
one per possible transmitted symbol, covering the complex plane (for a detailed explanation 
see [VITERBI], [PROAKIS]). If  the output of the receiver matched filter lies in a particular 
decision region, the corresponding symbol decision is made. The geometry of the decision 
regions depends on the signalling constellation and the channel: for example, with BPSK 
signals transmitted over a Gaussian channel having a normalised constellation at ±1, it 
consists of the left and right half plane; for QPSK (quadrature phase shift keyed) signals 
having a normalised constellation at ± 1  and ±i it consists of the four quarter planes illustrated
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in the figure below. A bit error results when the output of the matched filter is in the wrong 
decision region.
For example, consider the distortion in the figure below where the SINAD is approximately 
6dB. By superimposing the signal at 90 kHz over the constellation and decision regions of a 
QPSK modulation, it shows that the signal traverses the decision region boundary and a 
therefore a non zero error rate could result (depending on the symbol rate and the time the 
signal spends in the wrong decision region). By contrast the antipodal constellation would 
have experienced a zero error rate since the signal never crosses the imaginary axis.
Received complex envelope, normalised to unity power over burst. Freq:90 KHz
in phase component 
Estimated SINAD: 5.5 dB
Time: Sat Feb 07 14:43:38 1998 Location: home 40T 
Bdwth 500 Hz; time from burst start 1s; Duration 0.04s
Figure 7-1 Example showing effect of multiplicative distortion on received constant
carrier
7.2. Multiplicative Distortion Model: Introduction
This section present a model of the multiplicative distortion process. To understand the 
objectives of this model, recall the assumptions in section 2.6.1. As discussed in that section, 
the exemplar symbol rate is 10 0  bits per second; the exemplar burst length is two seconds; the 
target uncoded bit error rate is in the region o f 10'2 ; BPSK is used as the exemplar
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modulation scheme; and the objective is to model the distortion process to a precision at least 
as good as -9dBc in 90% of cases.
To summarise the quantitative results below, empirical measurements indicate that the 
distortion process has strong spectral components at ± 2 fA/ relative to the carrier frequency, 
where is the AC cycle frequency (50 Hz nominal). Using these spectral components it is 
possible to achieve a modelling accuracy o f - l ld B c  in 95% of cases, which fulfils the 
accuracy requirements stated above. The process does contain other components at other 
multiples of fjw as well as having a continuous power spectrum, but these contain far less 
power the distortion they produce can, to a good approximation, be ignored given the 
assumptions above.
For now assume that the multiplicative distortion process is independent of the additive noise 
process, so it can be modelled independently of the noise model. This hypothesis of 
independence is examined and justified in chapter 8 . Therefore in this chapter additive noise 
will be ignored: constructing countermeasures against additive noise is a separate problem to 
combatting multiplicative distortion, although of course it will be harder to combat distortion 
when a channel also suffers from severe additive noise.
The model for multiplicative distortion is constructed as follows. Recall equation [6-2] for the 
received signal:
r(t) = ^ ( O P  + d f (0 ] + nf  (0
which partitions the multiplicative process into a constant part Af , that produces only 
attenuation and a phase shift, and a multiplicative distortion process d/t)  . Since this section 
ignores additive noise, set n/tj^O . Time averaged attenuation has been discussed in chapter 4, 
therefore the aim of this chapter is to model d/t).
Empirical measurements discussed in section 6.3 indicate that the multiplicative distortion 
process has its strongest spectral components at ± 2fM relative to the carrier frequency, where 
fM is the AC cycle frequency (50 Hz nominal). Noting this, it is proposed to construct the 
multiplicative distortion using the following expression to fit d/t) in equation [7-1]:
df ( t )=  d re‘w cos(2coMt + cp)
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where cp, vp and dr are chosen to minimise the squared error vector magnitude between 
observations and model, and -7i/2<ip< tc/2.
This is illustrated geometrically in the figure below, for a transmitted unmodulated carrier 
where the average received signal is normalised to unity. The trajectory of the distortion is a 
line segment at an angle ip to the real axis, and its maximum amplitude (i.e. major axis radius) 
is dr : the instantaneous value of the modelled received signal at time t is:
where cp is an arbitrary phase offset.
The resultant signal to distortion ratio is given by the average power of d/t) relative to the 
unity power signal. Since dj(t) is periodic this can be found by integrating over a half AC 
cycle period. The signal energy transmitted during this time is 1/(2^), therefore the SINAD 
Ps is given by:
Without loss of generality we can restrict vp to the range [-tc/2, 7t/2 ]. This is shown in the 
figure below.
r{t) = 1  + d re 'v cos( 2 coMt + cp) [7-3]
[7-4]
0
which yields the following relation between the SINAD and the parameter dr:
[7-5]
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Instantaneous phasor 
Im aginary Qf  received signal at tim e t 
axip (Q) 1 + ^ .e ivi'cos(2 ft>/V/+(p)
Real 
axis (I)
distortion trajectory
Figure 7-2 Illustration of the geometry of modelled distortion
The validity of this model is confirmed in table the below, which contains 3 columns. The 
first column gives the time and location of the measurement. The second shows the carrier 
power relative to the multiplicative distortion process (in dB) at each spot frequency, before 
removal of the 100 Hz modelled process. The third column shows the residual error power 
relative to carrier power after the modelled process, phase coherent over the entire burst, has 
been subtracted. Since the 95 percentile worst case figure is - lld B c , the distortion model 
fulfils the modelling requirements stated in section 2 .6 .1 .
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Table 7-1: Effect of modelling multiplicative distortion over one burst using 100 Hz 
components
Powerline Communications using the low voltage mains supply in the CENELEC frequencies
Average carrier Average net SINAD after
SINAD (dB) 100 Hz distortion removed
N N N N N N N N N N N N
X X X X X X X X X X X Xj*: o f—\ js; /•"“I
LO CO LJN- s_t00 Oi w to WCO ON- o00 OO)
Domestic Locations
BARN: 15/2/98 11 13 13 12 9 8 17 19 18 16 13 13
HOME19HD: 01/01/99 14 12 14 15 15 16 19 19 17 18 18 17
HOME23KG: 31/12/98 9 6 8 8 11 7 13 11 14 14 15 12
HOME40T: 7/2/98 10 5 6 3 0 6 20 15 15 13 11 15
HOME40T: 25/12/98 11 9 11 15 14 14 19 18 18 20 18 18
HOME49C: 8/11/97 9 4 11 13 16 16 16 13 16 17 17 17
HOME49C: 21/3/98 12 9 11 11 13 17 19 16 15 14 15 20
HOME73A: 13/1/98 16 12 16 18 17 15 23 19 17 18 18 16
HOME73A: 18/1/98 17 13 15 13 13 10 23 20 16 14 15 12
HOME73A: 11/01/99 14 8 8 14 10 14 18 15 14 19 16 16
HOME75AL: 28/3/98 11 8 11 22 19 17
HOME9SJS: 02/01/99 13 9 11 9 8 7 18 16 17 15 14 14
Hotels
HOTEL_MH: 16/1/98 12 15 16 15 13 9 19 21 20 20 18 15
HOTEL_PH: 24/1/98 11 8 7 4 0 5 16 13 12 8 4 9
HOTELJ-I: 27/1/98 13 18 17 17 16 14 18 23 21 21 20 18
HOTEL _IPS: 17/9/98 11 19 17 9 9 14 19 25 22 18 16 17
HOTEL_E: 9/6/99 7 15 14 12 12 7 14 21 19 18 17 12
Average per frequency 12 11 12 12 12 11 18 18 17 16 15 15
Consolidated averages: 12 =average SINAD 17 =average net SINAD
5’th percentile 17 =best case SINAD 22 =best case net SINAD
95’th percentile 5 =worst case SINAD 11 =worst case net SINAD
7.3. Model of Multiplicative Distortion
The following is a block diagram for our proposed model for the multiplicative distortion 
process, encapsulating the discussions above.
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Figure 7-3 Block diagram of multiplicative distortion model
This model has four parameters, described in the table below, and we write: 
m f  ( 0  = mf ( t;Af , clr , y/, q>)
[7-6]
where mf (t) is the modelled multiplicative distortion process. The model parameters are as 
follows:
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Table 7-2: Parameters of Multiplicative Distortion Model
Parameter Meaning Notes
Attenuation and phase shift (of 
unmodulated signal averaged at receiver) 
due to channel, at frequency/
Phase is random.
Magnitude studied in 
chapter 4
dr Radius (ie half line segment) o f distortion 
trajectory
Directly determines SINAD 
according to [7-5].
V Orientation of major axis relative to I-axis Random, worst case is zero 
degrees.
<P Phase of maximum distortion relative to 
AC cycle zero crossing
Randomly distributed in 
range 0-271
7.4. The Physical Origin of Multiplicative Distortion
In this section we present arguments to explain the physical basis for the multiplicative 
distortion process. Our hypothesis is that it is produced by modulation of the internal 
impedance of appliances and devices powered by the mains. The mains network contains 
numerous switched devices with time varying impedances. We show that the effect of a time 
varying impedance which varies at frequency a>M is to introduce sidelobes spaced at multiples 
com of into the spectrum of narrowband voltage signals.
The impedance of the network modulates at frequencies which are integral multiples of 50 Hz 
due to devices which switch in synchronism with the 240V A-C waveform, and at higher 
frequencies due to switching devices (such as switch mode power supplies) which generate 
their own clock.
We therefore need to prove the following statement: I f  a voltage source generates a signal V& 
-Vcos(coct), and the lumped mains impedance modulates at multiples offrequency coM, then 
the spectrum o f  the voltage process measured at a receiver will contain sidelobes at coc ± n  
a>M (n=l,2...).This result is proved in Appendix A.
7.5. Conclusion
A novel model of the multiplicative distortion as observed in a narrowband receiver has been 
developed and quantified. Given that average attenuation is known this model requires only 
three parameters, and quantitative ranges for these parameters are given supported by
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empirical measurements. The physical reason of this effect is explained. Later, in chapter 8 , 
ways o f overcoming this impairment will be described.
Powerline Communications using the low voltage mains supply in the CENELEC frequencies
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8. Analysis of Com m u n ic a tlilllM
Schemes and'-Receiyerl^ecRnfqi^
Chapter 8 analyses the performance of candidate narrowband modulation and 
communications schemes using the novel models o f attenuation, background noise and 
distortion developed in previous chapters. Measures to combat the channel impairments are 
examined and in a novel result it is demonstrated that it is highly desirable to modulate 
channel symbols so that the symbol period spans half an AC cycle. Estimation techniques for 
frequency and carrier phase are described and their performance is evaluated using the 
channel model. It is shown that the channel impairments have little effect on frequency 
estimation but in a novel result it is shown that multiplicative distortion can introduce a bias 
to the estimated carrier phase. Lastly symbol phase timing acquisition is examined using a 
method based on PN sequences. In a novel result it is shown that two key aspects of symbol 
phase performance are sensitive to the relative phase of the symbol clock and the AC cycle: 
first, bit error rate as a function of symbol phase estimation error; second, the symbol phase 
estimation error itself. It is shown that a 128 bit long PN sequence provides satisfactory 
symbol phase performance in all cases. In this chapter the coded data rate is limited to 100 
baud, a limitation that is removed in chapter 9.
8.1. Introduction
The two chief causes of channel impairments on the main are broadband additive noise acting 
on an attenuated signal (see chapter 4) and multiplicative distortion (chapter 6). This chapter 
examines communications techniques, including modulation and error correction, that combat 
these impairments using a channel symbol rate of 10 0  baud.
The processes are not mutually exclusive; a channel that is perturbed by additive noise can 
also be perturbed by multiplicative distortion. To realistically model these effects they should 
be modelled in combination. It is therefore necessary to choose some ‘realistic’ combination 
of parameters. As discussed in section 2.6.1, The approach taken is to consider performance 
at the worst case 95’th percentile value of key parameters.
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These impairments are analysed as separate phenomena and modelled as if they were 
independent of each other. The empirical evidence presented in tables does not exhibit 
obvious cross-dependencies of the key parameters involved, apart from a clear ‘tilt’ that 
affects both the noise process power and the carrier power (both being attenuated at higher 
frequencies), see Table 4-1.
The working assumption used here is that the parameters of the two processes do not have a 
simple functional relation. This is not to assert that no ‘elementary’ functional relation exists: 
an exhaustive check for every possible functional relationship comprising elementary 
functions is impractical. However there appears to be no a-priori evidence for such a relation. 
In particular the carrier to multiplicative distortion SINAD does not have a consistent 
frequency tilt (see Table 6-1), unlike either the noise process power or the carrier attenuation.
It is also the case that \y, the phase at which multiplicative distortion process trajectory has 
maximum amplitude, is unrelated to the phase of the AC cycle (see discussion in section 6.3) 
and for physical reasons one can suppose that it is unrelated to the amplitude characteristics 
of the noise process since this is a function o f the receiver location and independent o f the 
transmitter. Equally the amplitude of the multiplicative noise process does not appear to have 
a systematic relation to the background noise power.
This allows us to regard the development o f countermeasures against these two types 
impairments as independent problems. However it is also shown how well these 
countermeasures continue to work when both phenomena are present.
This chapter shows that multiplicative distortion alone is a significant impairment and 
improvements may be gained provided that appropriate countermeasures are taken. It also 
shows that if  the main source of distortion is additive noise, a receiver that takes into account 
the cyclic properties o f the noise process can greatly outperform a receiver that, say, treats the 
noise process as if  it were Gaussian noise.
8.2. Coherent Receiver with Amplitude Modulated 
Additive Noise
In chapter 4 we saw that the additive noise power in dB is sinusoidally modulated over the 
AC cycle. A model for this is proposed in Figure 5-14, and for convenience the schematic is 
reproduced here:
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at zero crossing) 
t= index of current sample
Figure 5-14 Proposed noise process model
This section considers measures to combat this impairment, in the first instance supposing 
that it occurs independently of other impairments. The transmitter may assume that this model 
applies, i.e. the amplitude of the noise modulates at twice the AC cycle rate, but has no a 
priori information about the variable parameters, Nc , App and cp since the phase of the AC 
cycle at the receiver and noise conditions cannot be measured at the transmitter.
Since (p, the phase of the amplitude modulation process, is not known the transmitter cannot 
make assumptions about the ‘best’ or ‘worst’ phase to transmit on. The solution to this is 
straightforward: transmit the same channel symbol across the entire half-cycle of the AC 
supply, i.e. use a symbol period of l/2fM . Taking the example of uncoded binary modulation 
this gives a coded data rate o f 10 0  bps.
This section compares the performance of two receiver structures, both o f which assume a 
source code rate of 100 bps. The modulation scheme is BPSK, with a one to one relation 
between the source symbols and the channel symbols; there is one BPSK channel symbol 
transmitted per AC half-cycle, and user data is not coded prior to modulation. This scheme
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achieves the required data rate o f 100 bps discussed in section 2.6.1. However in Section 8.6 
below it is shown that there are considerable benefits in using more complex modulation 
(OFDM) and applying a convolutional code to user data prior to transmission.
Each source data bit (0 or 1) is modulated as a BPSK channel symbol to produce a signal 
which is phase modulated at rate l /T  and then filtered by a band-limiting filter prior to 
transmission to produce a symbol pulse u{t). In the results below it was assumed that the 
transmit filter and channel bandwidths are wide enough so that they introduce no appreciable 
intersymbol interference.
The first receiver technique examined uses a ‘matched filter’ demodulator which is the 
optimum receiver structure for a Gaussian channel [PROAKIS]. The receiver contains a pair 
of matched filters with the impulse response:
bi(t)~ u(T-t) and b2(t)= -u(T-t)
The BPSK matched filter receiver makes the symbol decision depending on the algebraically 
larger o f the real part of the matched filter outputs. Perfect carrier and symbol synchronisation 
is assumed.
The second receiver technique examined is equivalent to maximum ratio combining and will 
be called that in what follows. The matched filter impulse response is rescaled in accordance 
with channel gain and noise with the objective of maximising the resultant signal to noise 
ratio (see [PROAKIS] for discussion). This assumes a constant channel gain a  with noise 
process n(t) having time vaiying average power Nc(t). Maximum ratio combining is performed 
as follows. The receiver forms the quantity:
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where the integral is over the k ’th channel symbol. Provided Nc(t) is never zero, this integral 
exists (if it is zero then we have the unrealistic case of a channel which is periodically
The performance of the two systems, BPSK and maximum ratio combining, is compared in
two values o f noise amplitude variation: 8dB p-p and 26 dB p-p which are the 5’th and 95’th 
percentiles for the extent of noise amplitude variation (see Table 5-2).
[8-1]
noiseless). The k ’th symbol decision is made by taking the sign of the real part o f the integral.
Figure 8-1, which shows their simulated performance as a function of signal to noise ratio for
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The performance of the BPSK matched filter receiver is insensitive to the extent of noise 
variation over the AC half cycle, since the matched filter integrates the noise power over the 
entire half cycle thus averaging out the effect of any variation within the half cycle. For this 
reason the performance of this scheme is identical for the 8dB p-p channel and 25 dB p-p 
channel, and indeed follows the trajectory of a BPSK receiver in a Gaussian noise channel 
with the given signal to noise ratio.
By contrast the performance of the maximum ratio combiner scheme is sensitive to the peak 
to peak noise variation. Maximum ratio combining was better than the matched filter scheme 
over the central 90 percentile range of peak to peak variation.
Performance of BPSK matched filter and maximum ratio receivers
Eb/Nc (dB), Data Rate 100 bps 
No multiplicative distortion
Noise amplitude peak to peak variation: 8 and 25 dB 
Measurements simulated over 12000 AC cycles
Figure 8-1 Performance of demodulation schemes in the presence of sinusoidal noise 
amplitude variation (8, 25 dB peak to peak)
The improvement of maximum ratio over matched filter increases as the peak to peak noise 
amplitude variation increases: this is to be expected since there is more variation for the 
maximum ratio filter to gate out. When the peak to peak variation is 25 dB, the improvement 
of the maximum ratio filter relative to BPSK matched filter is 10 dB. When the peak to peak 
variation is 8 dB the improvement is 1.5 dB.
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8.3. Coherent Receiver with Multiplicative 
Distortion
This section mathematically analyses the effect of multiplicative distortion on BPSK 
modulation, using the model defined in section 7.3. In particular it shows that if  the channel is 
noiseless there is a minimum distortion power needed to produce a non-zero error rate with a 
coherent receiver: if  the distortion power is less than this minimum, the error rate is for all 
practical purposes zero. To transmit an antipodal BPSK signal the modulator generates the 
value ± 1  during each symbol period , + 1  representing a bit value of 1 and - 1  representing a bit 
value o f zero (this assumes unity power). An ideal coherent demodulator has knowledge of 
the value of the complex attenuation A f , which can then be used to re-normalise the received 
signal so that in the absence of noise or distortion it would also take the value ±1. These 
undistorted received signals, corresponding to given transmitted signals, are called reference 
waveforms. The decision whether the « ’th symbol is 0 or 1 is made according to which 
reference waveform the received waveform is ‘closest’ to, according to some appropriate 
metric. For a Gaussian channel this leads to a decision based on the sign of:
where the integral is over the th symbol period o f length T. An error results if  this 
expression takes the wrong value; for example when the symbol 1 is transmitted an error 
would occur if  the above expression is negative. The following analysis finds the minimum 
distortion power necessary to produce a non-zero symbol error rate.
Assuming the constant BPSK symbol +1 is transmitted to a coherent demodulator, using [7-3] 
for the resulting received signal r(t) gives the following condition for a demodulator error:
[8-2]
[8-3]
or equivalently
[8-4]
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Substituting dT -  "V2 d ^ ,  we obtain
Rej V2 Jdrmsew cos(2coMt + cp)dt L > T
{n+i)T [8-5]
nT
That is
('«+1)7’ [8-6]
V2drml cos \f/ jcos(2coM t + (p)dt > T
nT
The problem of finding the minimum distortion power that produces a non-zero symbol error 
rate is therefore equivalent to finding values of 1p, 9  and n that maximise the left hand side of 
this expression, for a given value of d„^  . Without loss of generality one can choose n~0, in 
other words find the values of 14/, cp that maximise this expression during the first symbol 
period. By definition \p is in the range [-it/2, tt/2] thus cos(vp) is non-negative. In order that 
[8-6 ] can be satisfied the integrand must be positive which is the case if  and only if 
cos(2coMt + (p) integrates to a positive value over the integration period. Providing this is the 
case, the expression is maximised by setting vj/=0. This requires:
Note that this can only be satisfied for positive values of F{T, (p), since d ^  is by definition 
positive.
To maximise the left hand side of the above equation, choose tp to maximise F(T, cp):
T [8-7]
0
Defining F(T, (p) as the value of the integral, this can be written
F d rmiF (T ,(p) > Trms [8-8]
T
0
[8-9]
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This expression is maximised at stationaiy point with respect to (p. Put coMT+q>, and 
writing G(T£)= F(T, 9  ):
772 [8-10]
G(T,  £) = f cos(2® M u + ^ )du
- T i l
 ^ sincQfrfT co s£
C0M
which yields on differentiation:
dG{g) 1 . „  . t [8-11]
 z _ -  sin com l si n^
This expression is periodic in £,, with a period o f 271, and zero if and only if  £ is a multiple of 
7 1 .  The zeros at £=0, ± 27t , + 47t . .. correspond to maxima since the sign of the derivative changes 
from positive to negative at these values. Setting ^=0 yields 9 =-a>M T  as the value which 
maximises [8-9].
Making this substitution for 9  yields the value , Substituting this into [8-7] yields
coMT
the following expression for the minimum distortion power needed to produce a non-zero 
symbol error rate:
comT  g 1 [8-12]
4 Î  s i n O ^ r )
sin(£üMr )
This result is applicable provided T  is in the range where --------^ — is positive, that is
0<T<l/2fM .
°>m T
Two key conclusions can be drawn from equation [8-12]. First, the limit of this expression as 
T->0, is 1/V2, so in a noiseless channel a distortion power of less than -3dBc cannot produce 
eiTors no matter how fast the symbol rate.
The second conclusion can be drawn by considering the behaviour of the right hand side of 
this equation as T—>l/2fM , which increases without limit. This reflects the fact that if  the 
symbol period is exactly one half AC cycle, the multiplicative distortion process integrates to
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zero. In a noiseless channel, no amount of distortion will cause a symbol error provided the 
symbol period is a half AC cycle. This makes a symbol rate of l/2fM potentially very 
attractive: in the presence of Gaussian noise the effect of multiplicative distortion can be 
completely eliminated with no special measures at the receiver, and this will be examined in 
chapter 8 .
To summarise:
• If the symbol period is a half AC cycle the multiplicative distortion process integrates to 
zero. In a noiseless channel it cannot generate errors given this symbol period.
• Where the SIR is greater than 3 dB the multiplicative distortion will not produce errors in 
BPSK modulation, assuming ideal coherent reception and negligible noise. For other 
types of modulation this limit will be different, but in any case there will be a specific 
level of SINAD below which the multiplicative distortion process does not cause errors in 
a noiseless channel.
8.4. Carrier Phase and Frequency Estimation with 
Multiplicative Distortion
From the perspective o f the receiver, the received waveform is parameterised by the following 
unknowns:
• The sequence of transmitted symbols {bk }: it is the function of the demodulator to 
estimate this.
• The precise carrier frequency of the modulator, f c . This parameter is not completely 
known since the modulator and demodulator run from separate timing crystals.
• The carrier phase and amplitude of the signal at the receiver.
• The difference in the demodulator’s time reference, which is referenced from when the 
demodulator starts operating, and the modulator’s time reference, which is referenced 
from the first transmitted symbol. In practice this offset is not per se important; however 
any skew in symbol timing between the modulator and demodulator is of great interest.
A coherent modulator estimates the data sequence using perfect knowledge of the carrier 
phase, carrier frequency and the symbol timing. A practical demodulator does not have this
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knowledge; one strategy to overcome this is to estimate the carrier frequency and symbol 
timing and to use non-eoherent reception; alternatively carrier phase can be estimated and 
tracked, which is the strategy used by partially coherent demodulators. Any estimation error 
will degrade the performance of the demodulator. We show how the presence of 
multiplicative distortion impedes this estimation process.
8.4.1. impact on Carrier Phase Estimation
In practice the receiver does not have a priori knowledge of the carrier phase and coherent 
demodulation cannot be performed. So that a practical demodulator achieves performance 
close to the ideal, carrier phase estimation must be performed accurately. For example, a 
reduction in signal space distance to 0.9 o f the ideal is equivalent to a loss of ldB in signal 
power4. In BPSK this occurs when the earner phase error reaches 25°5.
The distortion trajectory introduces a bias into the average phase of the signal. The reason for 
this is illustrated in the figure below. The received signal has been normalised so its average 
value is +1. The trajectory of the modelled distortion is at an angle \|/ to the real axis, and its 
maximum amplitude is clr\ the instantaneous value of the received signal at time t is given by 
[7-3].
At a typical point on the trajectory r(t), the phase of the received signal is a (t). A typically 
carrier phase tracking loop computes the time average a  (or sin a ) to derive the carrier phase. 
For example, when a Costas loop structure is used to track carrier phase, then implicitly sina 
is used (see [PROAKIS]). However we will show that the time average value of the signal 
phase a , a ave, does not match the phase of the time averaged signal (except for two special 
cases, first where cp is an exact multiple of 90° and second where clr is zero, i.e. there is no 
multiplicative distortion).
4 Power ratio o f -1 dB = 10~01 ~0.8 -  0.92 , which gives distance ratio of 0.9
5 Consider BPSK with ideal constellation at ±1. If  carrier phase error is 0, distance of actual 
constellation points from wrong decision region is cos9, and cos' 1 0.9= 25°
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Imaginary
Real 
axis (I)
Figure 8-2 Illustration of the geometry of carrier phase estimation
We derive the value of a ave as follows. At time t we have, from [7-3],
r{t) -  1 + dre,yr cos( 2 coMt  + (p)
=1 + d r ZQ>s{y)c,os(2coMt + tpfc iclr s\Yi(y/)cos(2coMt + (p)
[8-13]
Therefore since a (/)= arg{r(i)}, we have:
a( t)  = sin '
d r cos( 2 coMt + (p) sin y/
y[ 1 + d r cos(ij/)cos{2coMt + (p f f  + [dr sm.(ip)cos(2coMt + (p)Y
=sin
d r o,os(2coMt + cp) sin y/
^1 + 2 dr co s(^ )co s ( 2 coMt +  (p) + d r2 co s2 ( 2 coMt + (p)
[8-14]
Now a(/) is a periodic function of t, with a period of n! coM. We can therefore calculate its 
average value by taking the mean over one period:-
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k!co\
CO,
rtl(osi
— f a ( t ------(^ — ) d t , since integral is invariant with respect to phase of a()
7t i  2 (0m
(  ^ 
d r sin y/ cos(2 coM t )
^  f sin " 1
TV J0 ■Jl + 2d r cos(y/)cos(2o>Mt)  + d r2 cos2 (2coMt) j
d t , from [8-14]
2 TV
2k f
Jsin- /
0
d r sm u /c o s (v )  , . . . „
, substituting 0 =2 coMi
f + 2 d r cos(y/)cos(9) + d ^  c o i  (0 )
A common technique used by carrier tracking loops is to use sin(a) as an estimator for a, for 
example the Costas loop mentioned above. In this case the estimation bias is given by:
. , 1 2r d sin w  cos( 9)
< veM )  =  —  J I  / -  v ; 2 ? do  [8-16]
o y i  + 2 d r cos(\f/)cos(0 ) + d r c o i  (6 )
The numerical values of these definite integrals are very similar (using sin a  as an estimator a  
gives an estimator gain slightly less than unity). Certain properties can easily be deduced by 
inspection. Firstly, the bias is zero if  the amplitude of the distortion trajectory dr is zero, 
which is as we expect since this corresponds to the case of no distortion. Second, the bias is 
zero if  \\j is a multiple of 90°, which we would expect from considerations of symmetry. 
Third, the bias is anti-symmetric about vy =0 and periodic in \j/ with a periodicity of n. The 
second form of the estimator is preferable since it involves less computation, the integrand is 
continuous at the origin and its gain reduces at large phase offsets so it introduces slightly less 
bias.
The figure below shows the bias in phase estimation as a function o f the distortion power 
relative to the undistorted signal (i.e. 10 loglO (drms2) measured in dB). Note how the 
estimation bias increases rapidly when the trajectory is nearly parallel to the real axis, 
reaching a bias of nearly 15° when the trajectory angle relative to the real axis, i|/, is about 
20°. This figure was obtained assuming the time average of sin a  was computed, i.e. using 
equation [8-16]. Using the value a  directly the maximum bias is about 20°.
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Carrier Phase Estimation Bias (as a function of distortion amplitude & orientation)
Orientation of ellipse major axis relative to real axis [degrees]
Note: sin(x) used as estimator for x
Figure 8-3 Carrier phase estimation bias as a function of \\t, the orientation of the 
distortion trajectory (plotted for three values of SINAD)
In conclusion, multiplicative distortion under some circumstances generates a carrier phase 
estimator bias which causes errors of up to 8° in typical carrier tracking loop architectures 
when the SINAD is -5  dB, Later we will investigate receiver structures that mitigate this 
effect.
8.4.2. Impact on Frequency Estimation
Any frequency mismatch between clock sources in the transmitter and receiver causes the 
phase of the received waveform to precess, and during a burst this phase precession must be 
limited to considerably less than 90°, otherwise errors are bound to occur. If  this is to be 
achieved over a two second burst the frequency estimation should be accurate to at least 0.05 
Hz (this gives a maximum residual phase rotation of 36°).
We now examine the impact of multiplicative distortion on frequency estimation. We shall 
assume the simplest possible frequency estimation problem, which is that of estimating the
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frequency offset of a known ‘pilot sequence’. To simplify matters we shall assume that a 
constant carrier is used.
It can be shown (see section 8.4.3) that in the presence of Gaussian Noise the maximum 
likelihood estimator of the frequency offset of a constant carrier is given by the value co which 
maximises the following likelihood function Lm\
L =
where r(t) is the received signal and the period o f integration is over the time during which 
the carrier signal is present at the receiver.
In the case of the distortion model described above, an analytical derivation of the ML 
frequency offset estimator appears veiy difficult. However we can easily verify by numerical 
examples that the likelihood function defined above gives accurate results, even in the 
presence of significant distortion.
In the following figure, a distorted pilot was synthesised using dr - 1, y/=%l'i and a frequency 
offset of 2 Hz. The duration of the pilot tone was 2 seconds. The following figures plot: the 
original received carrier prior to derotation; the received carrier after derotation; the value of 
the likelihood function La as a function of frequency offset. It can be seen it that the 
likelihood function has a well defined peak at 2 Hz, which allows the rotation in the received 
signal to be almost exactly compensated.
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sy n th e sise d  carrier before derotation
I axis
Figure 8-4 Simulated distortion of carrier with 2 Hz frequency offset, traced over 2
seconds
synthesised carrier after derotation
I axis
Figure 8-5 Same carrier signal after frequency offset estimation and derotation
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C r o s s  c o rre la t io n  of re c e iv e d  s ig n a l w ith  s in u s o id  at g iven  f re q u e n c y
O ffs e t  from re c e iv e r  n o m in a l c a rr ie r  fre q u e n c y  (H z)
Figure 8-6 Response of frequency offset estimator
The next three figures plot an actually measured instance of the received signal while a 
constant carrier was being transmitted; the signal after derotation; and the value of the 
likelihood function L m as a function o f frequency offset. The carrier had a frequency offset of 
about -1 .4  Hz relative to the receiver and as the figure of the derotated signal shows, the 
rotation can be almost completely removed.
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received carrier before derotation
T
Figure 8-7 Received carrier before derotation (2 second trace)
c a rr ie r  a fte r  d e ro ta tio n  (2 s b u rst)
a x is
Figure 8-8 Received carrier after frequency offset estimation and derotation (2 second
trace)
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C r o s s  c o r re la t io n  o f re c e iv e d  s ig n a l w ith  s in u s o id  at g iven  f re q u e n c y
O ffs e t  from  re c e iv e r  n o m in a l c a r r ie r  f re q u e n c y  (H z)
Figure 8-9 Response of frequency offset estimator
In conclusion, the maximum likelihood estimator for the Gaussian noise case has extremely 
good performance in the presence o f typical multiplicative distortion. However to reliably 
achieve an estimation precision of 0.05 Hz the minimum length o f the frequency training 
burst should be about 1 second.
8.4.3. Proof of Maximum Likelihood estimator for Gaussian 
Case
In this section we demonstrate that the maximum likelihood frequency offset estimator for a 
constant carrier in Gaussian noise is given by the value co which maximises the following 
likelihood function Zw:
where r(t) is the received signal and the period of integration is over the time during which 
the carrier signal is present at the receiver.
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In a Gaussian channel the probability density function p(r\co) for a received signal r(t) 
corresponding to a transmitted carrier at frequency offset co and start phase ({> is proportional 
to the likelihood function L(co,(f>) defined as:
L(co,<f>)= expj -  - J -  J, [ r ( 0  -  s ( t ; co, (¡))f dt
[8-18]
where N0 is the noise power, and s(t;co, (f>) is the signal component of the received signal, 
defined by:
r ( 0  = s(t; co, <p) + « ( 0  [8-19]
with n(t) being the additive noise process.
Expanding this expression for L(co,f), we obtain
~"aT  i H 0 f ^ A Re ^r(t)s(t;co ,< f> )dt--^- ^\s(t;co ,^)\2d t i
JyQ J
Only the middle term is dependant on the parameters co, <fi , since the first term is the simply 
the power in the received signal and the final term is the power of the signal component 
which is independent of co and (j) (since the signal is a constant envelope waveform). 
Therefore the likelihood function is maximised by finding the values of co and (f) that 
maximise:
Re £ r{t)s{t\co,(f))dt
= Re [ r ^ e - ’^ d t  = K ee - ‘* [ r { t ) e ^ ‘d t t8' 21!
This maximisation can be performed independently for co and (f), by first finding co which 
maximises:
[ 8 " 2 2 ]
and then setting:
(f) = arg(£ r ( t)e ~lC01 dt'j [8-23]
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Showing that the maximum likelihood estimate for co is as claimed.
8.5. Combatting Multiplicative Distortion
In chapter 7 it is shown that, to an excellent approximation, multiplicative distortion can be 
described using a completely deterministic model in the form of a line segment trajectory. The 
figure below shows the effect of multiplicative distortion on the demodulator, when the 
distortion power is equal to -5dBc, which is the level o f the top 5’th percentile of its range 
(see Table 6-1). The simulated distortion process followed trajectory consisting of a line 
segment parallel to the real axis. When the orientation of the trajectory was perpendicular to 
the real axis the multiplicative distortion had no impact.
Performance of BPSK matched filter and maximum ratio receivers
Eb/Nc (dB), Data Rate 100 bps
Multiplicative distortion level: -5 dBc, major axis aligned with real axis 
Noise amplitude peak to peak variation: 8 and 25 dB 
Measurements simulated over 12000 AC cycles
Figure 8-10 Performance of demodulation schemes in the presence of sinusoidal noise 
amplitude variation and multiplicative distortion
Compared to the results in Figure 8-1 multiplicative distortion has degraded performance by 
about 1.5 dB when the noise amplitude variation is 25 dB, although there is almost no 
degradation when the noise amplitude variation is at the lower value of 8 dB. Since for all 
practical purposes the distortion process is deterministic it is of interest to consider a receiver 
structure which could compensate the distortion process to recover the performance above. 
Such a structure is shown below.
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Figure 8-11 Receiver structure to estimate and compensate for multiplicative distortion
The receiver whose structure is illustrated in Figure 8-11 uses an unmodulated ‘pilot tone’ 
which is interleaved with the data signal in order to estimate the parameters of the 
multiplicative distortion process. For example, a pilot tone can be transmitted at the start of 
each burst. The figure illustrates both how the multiplicative distortion process is estimated 
and compensated. For clarity it is assumed additive noise is not present.
Any frequency offset between receiver and transmitter signal is compensated for by 
multiplying the received signal by the estimated frequency offset coeir .While the pilot tone is 
being received, the receiver uses it to estimate the parameters of the multiplicative distortion 
process and update any estimated frequency offset. The received signal is averaged over the 
duration of the pilot tone and the resultant mean is used as an estimate of the complex gain Af 
introduced by the channel. The entire pilot tone is multiplied by the inverse of this gain factor, 
A f , to produce a received signal with DC component o f unity. This unity DC component is 
then subtracted to leave the residual multiplicative distortion process which is used to 
estimate the parameters of this process.
While data is being received, the signal is normalised using the previously derived estimate of 
A f . The signal is then multiplied by the inverse of the estimated distortion process, and the
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resultant unity gain data signal is produced that has distortion cancelled out. This is processed 
by the symbol decoding stage, which was discussed in section 8 .2  above.
In the system under study the symbol timing is estimated by the receiver directly from the 
received signal. Note that in the case of bi-directional signalling only one end of the link (the 
‘slave’) has to estimate the symbol timing: the transmissions from the master define the 
symbol phase.
An alternative would be introduce a fixed relation between the symbol phase and the phase of 
the AC cycle which can be detected using some auxiliary mechanism (for example a zero 
crossing detector). In practice this solution is not as simple and attractive as it might first 
appear. Where cross phase signalling can occur the definition AC cycle phase is ambiguous 
and some additional technique is required to resolve this ambiguity. Furthermore, as stated in 
section 2.4.1 the AC cycle frequency can deviate sufficiently from nominal that it is a 
relatively poor frequency reference that has to be accurately estimated and tracked by both 
transmitter and receiver. Lastly a zero crossing detector is an additional hardware mechanism 
that adds to system cost. These are strong reasons to estimate the symbol timing directly from 
the received signal rather than rely on the AC cycle.
In systems with burst mode transmission and near-far effects it is necessary to rapidly acquire 
symbol timing and earner phase during each burst, since there is no guarantee that each unit 
can detect transmissions meant for another unit, particularly if repeaters are used. A technique 
used in practice is to insert a known training sequence in each burst which consists of a binary 
maximum length shift register sequence, or M-sequence. A binary unipolar M-sequence 
{an }obeys the following rules (the following explanation follows [GOLOMB], which 
contains proof of assertions made):
( 1 ) a n —0 or 1  , \ /n
(2) It satisfies a recurrence relationship:
8.6. Symbol Timing Acquisition
M [8-24]
k = 1
Where addition is over the binary field. The expression:
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M [8-25]
a M = i  - I * * * *
k= 1
is called the characteristic polynomial for the sequence.
(3) Its repetition period is equal to P= 2M-l.
This last condition imposes certain constraints on A(x) which are discussed in [GOLOMB] 
which has tables of characteristic polynomials corresponding to M-sequences of up to degree
The symbol phase estimator uses a training sequence which exploits the properties of an M- 
sequence. The transmitter modulates this sequence (extended cyclically by ‘guard’ symbols) 
and the receiver computes the cross correlation with the received signal and a locally 
generated reference signal which consists of one period of the M-sequence (in [PROAKIS] it 
is shown how this is equivalent to a matched filter operation). The number o f guard symbols 
on either side of the transmitted training sequence must be less than PI2, otherwise timing 
ambiguity arises. The result of this correlation is a continuous time function which used as the 
likelihood function. This is expressed symbolically as follows. Supposing that the modulation 
is linear and the modulating waveform is h(t), define a local reference signal w(t) as follows:
11.
Let the bipolar PN-sequence be denoted {&„}, derived from {«w}via the bipolar
transformation:
b = \ - 2 c t [8-26]
The autocorrelation of the bipolar sequence is defined by:
[8-27]
Since }has period P, Cp(x ) is periodic and Cp(x )= Cp(x +P). For x< P  it has the property
that:
Cp(x ) =1 for x =0, -1 IP for x^O [8-28]
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P [8-29]
w (i)=  ^ C k K t - k T )
k —\
Then the likelihood function C(X) is the cross correlation of this local reference signal and the 
received waveform:
oo [8-30]
C  (X ) =  jV(/)w* (t -  X )d t
—  00
The maximum likelihood symbol phase estimator computes this likelihood function 
continuously and the value of X that maximises it is used as the symbol phase offset.
8.6.1. Determination of PN sequence length
Simulations were performed to determine:
a) How the error rate increases with symbol timing estimation error.
b) How accurately the symbol phase error is estimated using the PN sequence technique
The key question asked is: what is the shortest PN sequence length required to achieve 
adequate symbol phase estimation performance in all channel conditions of interest. It is 
important to identify the minimum length since this determines the overhead required for 
symbol synchronisation. As a result of these simulations it was possible to identify the 
minimum length of the PN sequence required to avoid a significant degradation in the 
operating point (i.e. Eb/Nc) where an error rate of 10~3 is achieved. By “significant” is meant 
more than ldB.
The method used to deteimine the required PN sequence length was as follows. First, 
simulations were performed to deteimine the sensitivity of BER performance to symbol 
timing estimation error at the Et/Nc operating point where the required bit error rate, i.e. 1CT3 , 
is achieved. Using these results the maximum acceptable symbol phase error was determined. 
Next, simulations were performed with successively increasing PN sequence lengths until a 
sequence was found that provided symbol phase estimation error less than the maximum 
acceptable error.
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8.6.2. Effect of Multiplicative Distortion
Multiplicative distortion had no significant effect on either the error rate or the estimation 
accuracy. The following figures demonstrate that the presence of multiplicative distortion, 
even at its largest value, does not significantly affect symbol phase estimation. The training 
sequence used had periodicity o f 63 symbols and characteristic polynomial X6 + X +1 was 
used. The first graph shows the rms phase estimation error over a range of signal to noise 
values in the absence o f multiplicative distortion, and the second shows the error using the 
same channel but in the presence of multiplicative distortion. Note that the difference in rms 
phase error is less than ldB.
average symbol phase error vs signal to noise ratio
Eb/No (dB), Data Rate 100 bps
M~sequence period:63
Noise amplitude peak to peak variation:25 dB 
No multiplicative distortion
Figure 8-12 rm s sym bol phase estim ation error, 25 dB noise am plitude variation, no
m ultip licative distortion
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average symbol phase error vs signal to noise ratio
Eb/No (dB), Data Rate 100 bps 
M-sequence period:63
Noise amplitude peak to peak variation: 25 dB
Multiplicative distortion level: -5 dBc, major axis aligned with real axis
Figure 8-13 rm s sym bol phase estim ation error, 25 dB noise am plitude variation,
m ultip licative d istortion  - 5  dBc
8.6.3. Bounds on Acceptable Symbol Phase error
The effect that symbol phase estimation error has in the mains channel is sensitive to the 
relative timing of the symbol clock and the AC phase. If the symbol boundary coincides with 
the maximum noise in the AC cycle, performance of the maximum ratio receiver is relatively 
insensitive to symbol timing error (since equation [8- 1 ] has the effect o f ‘gating out’ the noisy 
part of the symbol near the symbol boundary). However, symbol timing estimation is 
relatively poor (since the symbol boundary is obscured by noise). If the symbol boundary 
coincides with the minimum noise, the situation is reversed: performance is relatively 
sensitive to symbol timing (since the important infoimation is near the symbol boundary) but 
symbol timing estimation improves (since the symbol boundary can be observed better). This 
effect is most marked when the peak to peak noise amplitude variation is large. These points 
are illustrated in Figure 8-14, which shows how both expected symbol timing error, and 
tolerance to symbol timing error, peak when the symbol boundary is 180° from the AC zero 
crossing, i.e. where the noise is maximum (shown in grey). The figure also shows how the 
symbol phase estimation process must ensure that the expected symbol error is less than the 
tolerable symbol error, regardless of the relative timing of the symbols and the AC phase.
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Figure 8-14 Effects o f  Sym bol tim ing vs AC phase zero crossing on Sym bol tim ing
estim ation
Error rate degradation in the presence of symbol phase estimation error was simulated for the 
channel conditions in Table 8-1 below, where Eb/Nc was chosen to the achieve the required 
error performance in the case of ideal symbol timing estimation, i.e. an error rate of 1 0 '3. 
Assuming a budget of ldB for non-ideal symbol phase estimation is acceptable, from figure 
Figure 8-1 it is seen that the corresponding error rate is 4*10'3 .For each channel condition 
performance was simulated at three different relative timings of symbol and AC phase:
• 0° (the symbol boundary is at zero crossing which is the minimum noise point)
• 90° (the symbol boundary is midway between minimum and maximum noise power)
• 180° (i.e. symbol boundary is at maximum noise point).
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Table 8-1 Channel Conditions for simulated phase estimation error
Channel Operating point (value of signal 
to noise ratio E bINc required to 
achieve BER of 10"3)6
Gaussian (i.e. noise amplitude variation OdB p-p) 6.5 dB
Noise amplitude variation 8 dB p-p 5 dB
Noise amplitude variation 25 dB p-p -4 dB
Error rate vs. symbol phase error
No multiplicative distortion
number of symbols=4000
symbol phase offset from AC cycle=0 degees
Figure 8-15 Error performance as function of symbol phase error (symbol boundary
coincides with noise minimum)
6 See Figure 8-1 
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symbol phase error relative to symbol period 
No multiplicative distortion 
number of symbols=4000 
symbol phase offset from AC cycle=90 degees
Figure 8-16 Error performance as function of symbol phase error (symbol timing offset
by 90° from zero crossing)
symbol phase error relative to symbol period 
No multiplicative distortion 
number of symbols=4000 
symbol phase offset from AC cycle=180 degees
Figure 8-17 Error performance as function of symbol phase error (symbol timing offset
by 180° from zero crossing)
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These results allow the derivation o f the acceptable symbol phase error as a function of noise 
amplitude variation and relative offset between symbol phase an AC cycle phase. The results
are as follows:
Table 8-2 Acceptable Symbol Phase Error for Channel Conditions of Interest
Channel (characterised by 
noise amplitude variation)
Refer to figure: Phase offset 
between AC 
cycle and symbol 
clock
Acceptable 
symbol phase 
error (i.e. <ldB  
degradation)
Gaussian (i.e. noise 
amplitude variation OdB p-p)
Figure 8-15 0° 5%
Figure 8-16 90° ditto
Figure 8-17 180° ditto
Noise amplitude variation 8 
dB p-p
Figure 8-15 0° 4%
Figure 8-16 90° 5%
Figure 8-17 180° 1 0 %
Noise amplitude variation 25 
dB p-p
Figure 8-15 0 ° 2 %
Figure 8-16 90° 5%
Figure 8-17 180° 2 0 %
8.6.4. Simulated Symbol Phase Estimation Error
To determine the minimum required length of the PN sequence, the symbol phase estimation 
error was simulated with successively longer PN sequences until the average estimated phase 
error was less than the acceptable symbol phase error in all channel conditions of interest. 
This was achieved using a PN sequence of periodicity 127 with characteristic polynomial 
X 7+X+l.
The following figures illustrate symbol timing estimation accuracy for the three channels 
listed in Table 8-1 as a function of Eb/Nc. Since estimation accuracy depends on the relative 
phase of the symbol clock and the AC cycle, separate trends are shown for offsets 0°, 90° and 
180° (except for the Gaussian channel).
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Eb/No (dB), Data Rate 100 bps 
M-sequence period:127 
Noise amplitude peak to peak variation:0 dB 
No multiplicative distortion
Figure 8-18 Symbol phase estimation error vs. signal to noise ratio (Gaussian channel)
Eb/No (dB), Data Rate 100 bps 
M-sequence period: 127 
Noise amplitude peak to peak variation^ dB 
No multiplicative distortion
Figure 8-19 Symbol phase estimation error vs. signal to noise ratio (8dB p-p noise
amplitude variation)
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average symbol phase error vs signal to noise ratio
M-sequence period:127
Noise amplitude peak to peak variaiion:25 dB
No multiplicative distortion
Figure 8-20 Symbol phase estimation error vs. signal to noise ratio (25dB p-p noise
amplitude variation)
In all cases the actual phase error at the operating point is less that the amount that causes ldB 
degradation. The most critical value is where the peak to peak noise amplitude variation is 25 
dB and the phase offset is 90%.
Table 8-3 Channel Conditions for simulated phase estimation error
Channel & Operating 
Point (i.e. value of Eb/Nc at 
which error rate of 1 0 '3 
achieved)
Phase offset 
between AC 
cycle and 
symbol 
clock
Maximum 
acceptable 
symbol 
phase error
Actual 
symbol 
phase error
Gaussian (i.e. noise 
amplitude variation OdB p- 
p), Eb/Nc = 6.5 dB
0° 5% < 0 .1 %
VO o o ditto ditto
180° ditto ditto
Noise amplitude variation 8 
dB p-p, Eb/Nc = 5 dB
0 ° 4% <0 .1 %
90° 5% <0 .1 %
oO00 1 0 % 0.4%
Noise amplitude variation 25 
dB p-p, Eb/Nc = -4 dB
0° 2 % <0 .1 %
90° 5% 4%
>—
* OO
 
O 0 2 0 % 5%
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8.6.5. Symbol Timing: Summary and Conclusion
The most stringent case channel for BPSK symbol timing estimation occurs when noise 
amplitude variation is largest (i.e. 25 dB p-p) and the symbol boundary is midway between 
the noise minimum and maximum. A training sequence consisting of one period of a 127 bit 
M-sequence modulated at twice the AC cycle rate would give adequate symbol phase timing 
acquisition (known to within 5% of symbol period) under these worst case conditions. In the 
simulations above a guard period of 63 symbols on either side was assumed: thus the training 
sequence duration is about 1 second. The choice o f 127 bits appears to be minimal: 
simulations with training sequences having a period of 63 indicated performance would be 
inadequate, i.e. would lead to more than ldB of degradation, in these worst case conditions.
8.7. Conclusions
This chapter has examined countermeasures against the channel impairments found on the LV 
mains channel, specifically cyclic noise power modulation and multiplicative distortion.
Noise power modulation is combated using a novel coherent receiver structure which was 
shown to obtain up to 10 dB gain in the operating point (Eb/Nc ) relative to a conventional 
matched filter in the presence of time variant noise.
Some novel theoretical results were provided concerning multiplicative distortion, which can 
be summarised as follows:
• If the symbol period is a multiple o f the half AC cycle the multiplicative distortion 
process integrates to zero.
• Where the SIR is greater than 3 dB the multiplicative distortion will not o f itself produce 
errors in BPSK modulation.
• Under some circumstances it introduces bias to conventional carrier phase estimation 
techniques: at the worst 95 percentile point the bias may be as large as 8°.
Simulated results indicate that multiplicative distortion can degrade the coded error rate 
performance of BPSK modulated at 100 baud by as much as 1.5 dB, especially when noise 
with a large degree of amplitude modulation is present. A novel receiver structure was 
presented to overcome these degradations.
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The question of symbol phase acquisition was examined in detail. Relying on the AC cycle to 
provide the symbol clock is shown to be undesirable. A well known synchronisation 
technique using PN sequences was simulated in the presence o f channel impairments and it 
was shown that multiplicative distortion has little effect, but amplitude modulated noise has a 
significant effect. In a novel quantitative result it was shown that a PN sequence of length 127 
is required for satisfactory synchronisation in all cases.
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9. Achieving Higher Data Rates
Chapter 9 examines methods which allow data rates above 100 bps without loss of efficiency 
when error rate performance is compared to the signal to noise ratio. In a novel analysis it is 
shown that increasing the data rate by simply increasing the baud rate leads to severe loss of 
efficiency. A modulation scheme based on OFDM techniques is described to increase data 
rates without increasing the modulation rate, which is novel in its application to powerline 
communications. This OFDM technique is analysed in combination with convolutional 
coding techniques and the performance of this novel modulation and coding system is 
analysed and shown to produce significant coding gain. Lastly the narrowband channel model 
is used to compare the performance of the proposed OFDM scheme with two commercially 
available narrowband transmission systems, one of which is embodied in an IEC standard, 
and shown to have significant advantages over both. The IEC standard in particular is shown 
to perform very poorly in the presence of the impairments predicted by the model.
It is desirable to keep the symbol period to the half AC cycle (l/2 fM), for two main reasons. 
First, section 8.2 has shown that if the symbol period is half the AC cycle period then a 
receiver can exploit the noise amplitude variation across the half AC cycle and achieve 
considerable gains. Second, the multiplicative distortion process averages to zero when 
integrated over the half AC cycle.
To quantify this effect simulations were performed of BPSK modulation at 400 symbols per 
second, both in the absence (Figure 9-l)and presence (Figure 9-2) of multiplicative distortion. 
Two points should be noted. First, the performance degrades considerably with respect to 
modulation at 10 0  symbols per second even if multiplicative distortion is absent: comparing 
Figure 9-1 with Figure 8-1, there is 12 dB degradation when the peak to peak noise amplitude 
variation is 25dB, and 3dB degradation when peak to peak noise amplitude variation varies is 
8dB. This can be explained by the fact that some symbols will be almost entirely erased when 
the noise amplitude peaks. Second, the performance is more sensitive to multiplicative 
distortion: comparing Figure 9-1 and Figure 9-2 a degradation of 4dB can be observed, far 
more severe than the 1.5dB degradation reported for 100 bps in section 8.5. This is explained 
by noting that multiplicative distortion does not integrate to zero unless the symbol period is a 
multiple of the half AC cycle.
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Performance of BPSK with noise matched filter receiver
Eb/Nc (dB), Data Rate 400 bps 
No multiplicative distortion
Noise amplitude peak to peak variation: 8 and 25 dB 
Measurements simulated over 6000 AC cycles
Figure 9-1 Error performance of BPSK at 400 symbols per second in the presence of
time variant noise
Performance of BPSK with noise matched filter receiver
Eb/Nc (dB), Data Rate 400 bps 
Multiplicative distortion level: -5 dBc, major axis aligned with real axis 
Noise amplitude peak to peak variation: 8 and 25 dB 
Measurements simulated over 6000 AC cycles
Figure 9-2 Error performance of BPSK at 400 symbols per second inr the presence of 
time variant noise and multiplicative distortion
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This provides evidence for the need to restrict the channel coded symbol duration to multiples 
of half an AC cycle. However the desire for higher data rates motivates an increase of the 
coded symbol rate above 100 baud. Another motivation to increase the coded symbol rate is 
to allow error correction coding to be added, for example the !4 rate convolutional code 
discussed in section 9.1.1. The following section examine how this problem is overcome 
while keeping the coded symbol period equal to half an AC cycle period by using the OFDM 
modulation technique.
9.1.1. Orthogonal Frequency Division Modulation (OFDM)
A solution which keeps the modulated symbol rate at 100 symbols per second is to use multi­
frequency modulation, specifically OFDM using BPSK carriers with a frequency separation 
of 1/2T Hz, i.e. 50 Hz, all with the same symbol clock. Using this technique a modulation rate 
of 100 n symbols per second is available from n carriers each spaced by 50 Hz. If the channel 
is linear, time invariant and memoryless the different carriers do not mutually interfere and 
the performance of the system can be directly scaled up from the performance of a single 
coherently demodulated BPSK carrier. Each carrier can be independently coherently 
demodulated as described in 8.5.
The channel is neither linear nor time invariant and it is possible that non-linear multiplicative 
distortion, which leads to spectral leakage between carriers, could cause significant 
degradation. The dominant frequency component of the distortion process is 100 Hz, 
therefore the worst affected carriers would be the adjacent carriers at 100 Hz separation. To 
quantify this effect a three-carrier OFDM system using BPSK modulation was simulated, 
each carrier separated by 100 Hz and having equal power, and the effect on the coherent 
demodulation of the carrier at the centre frequency was examined. Each carrier contained 
independent random data and the simulation included the presence of 95 percentile worst case 
multiplicative distortion. The performance of a coherent detector was compared with that of 
the demodulation of a single BPSK carrier in Figure 8-10. No significant difference was 
observed. In conclusion the effect of ACI due to spectral leakage is negligible, and the 
demodulation performance of multiple OFDM carriers is equivalent to the performance of 
each carrier considered in isolation.
Since the noise process out of the noise matched filter is Gaussian with equal variance for 
each symbol, the performance of this scheme is equivalent to performance over n Gaussian
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channels each with the same noise variance and symbol rate. Therefore error rate performance 
is as previously analysed for BPSK.
The noise process is Gaussian with amplitude that varies cyclically at the double AC cycle 
rate. Therefore the receiver input rk , which is the output of filtering the signal over the /c’th 
half AC cycle as in [8-1], is perturbed by Gaussian noise process having constant expected 
power. Thus the effect of adding a convolutional code can be analysed as for a Gaussian 
channel. Section 2.6.3 explains how the use of an appropriate rate 'A convolutional code with 
a constraint length of 7 provides a theoretical coding gain of 3.8 dB. However there is a 
penalty to pay for using rate '/a coding: twice the number o f coded symbols must be 
modulated, requiring double the bandwidth. In predicting the actual gain from a convolutional 
code the model should be treated with some caution: the noise process is not completely 
uncorrelated between AC cycles. At the very least an interleaver would be required to ensure 
that the noise corrupting successive coded symbols is uncorrelated.
9.2. Comparison of Two Commercially Available 
Narrowband Modulation Schemes
A number of authors have described successful experiments with narrowband mains 
communications schemes [KING], [SCHAUB], [HAGMANN], [CHAN94] and a number of 
powerline modems are commercially available. Th following sections compare the 
performance of two narrowband modulation schemes that are supported by commercially 
available devices; the PLT-22 from Echelon Corp. [ECHELON99] and the Alcatel MTC- 
30585 [ALCATEL]. Both systems achieve frequency diversity by using two narrowband 
frequencies with a typical separation o f 10 kHz. To provide a direct performance comparison 
both systems are analysed assuming the same data rate of 100 bps. The only direct 
comparison possible is at the level o f modulation and demodulation, since the channel coding 
scheme used by the PLT-22 is not publicly available. However, given identical channel 
coding, the modulation scheme with a lower error rate can normally be expected to produce a 
lower error rate after the channel decoder.
The two systems are compared against the same simulation conditions as used in section 8.5. 
Both systems use two narrowband channels at separate frequencies to achieve diversity, and 
two extreme situations will be analysed: first the situation when both channels have identical 
signal to noise ratios; second the situation where one channel extremely noisy and only the 
remaining channel can be used.
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9.2.1. The Echelon Dual Frequency BPSK System
Echelon market a range of power line transceivers which are compatible with their proprietary 
“Neuron” chip architecture. The PLT-22 transceiver uses a system called “dual carrier 
frequency BPSK”. In this system, the transmitted data consists of short packets which are 
channel coded according to a forward error correction system the details of which the 
company is not prepared to publicly divulge7. Each packet is then modulated using BPSK on 
the “primary” frequency. If the transmission fails it is retried on a different “secondary” 
frequency separated from the primary frequency by approximately 10 kHz. The primary and 
secondary frequencies are fixed and the primary frequency is the higher.
In the first instance consider the performance when both channels have an identical signal to 
noise ratio. The bit error rate curve for this BPSK signal in the presence of time variant noise 
has already been given in Figure 8-10. Assuming the convolutional code described in section 
2.6.3, the operating point (i.e. the value o f Eb/Nc) at which a user data error rate of 10"3 is 
achieved is coded error rate of 4*10‘2 and depends on the extent of noise amplitude variation 
and is -4dB, 5dB for variation of 25dB, 8 dB respectively.
At this operating point 90% of packets are successful on the first attempt. After one retry on 
the secondary frequency there will be a packet success rate of 99%.
9.2.2. The Alcatel IEC 61334-5 Narrowband S-FSK System
This particular narrowband system uses a form of modulation called ‘spread frequency shift 
keying’, or S-FSK. It is of especial interest since it is used in a practical system employed by 
Electricité de France described in [SCHAUB], and is embodied in commercially available 
components, notably the MTC-30585 power line modem chip produced by Alcatel 
[ALCATEL] which is compatible with the EEC 61334 signalling standard [IEC61334]. The 
system assigns two different orthogonal carriers at frequencies f0 and ft to represent the 
channel symbols 0 and 1, typically 10 kHz apart. The transmissions o f the carriers at 
frequencies f0 and ft can be phase coherent. In effect this system uses phase coherent 
orthogonal FSK with unusually wide frequency spacing to achieve frequency diversity.
7 private communication. 
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The optimum receiver assuming that the two carriers are transmitted on Gaussian channels 
with equal power uncorrelated noise consists of two matched filters at the different 
frequencies and generates a two component vector {r0, r t} given by:
r0=VE+ n0, r,= nj
or
r0=no, i'i= VE +n,
depending on whether 0 or 1 was transmitted. In this, E is the received signal energy and n0, 
n! are the noise output from the matched filters at the frequencies. The symbol decision is 
made by selecting the algebraically larger of r0, rb Note that this is actually the optimum 
receiver for binary orthogonal modulation (see [PROAKIS]). However in the presence of time 
variant noise amplitude modulation performance is improved if  a noise matched filter is used 
as described in section 8.2. Figure 9-3 illustrates the performance of S-FSK using this 
technique.
Performance of S-FSK using maximum ratio noise matched receiver
Eb/Nc (dB), Data Rate 100 bps 
No multiplicative distortion
Noise amplitude peak to peak variation: 8 and 25 dB 
Measurements simulated over 12000 AC cycles
Figure 9-3 Performance of S-FSK scheme in the presence of sinusoidal noise amplitude
variation
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9.2.3. Comparing Dual Frequency BPSK with S-FSK
Comparing Figure 9-3 with Figure 8-1, the performance of S-FSK is 3 dB worse than the 
performance of dual frequency BPSK in the same situation. This 3dB performance loss 
translates into a loss of penetration distance, a very important factor in mains communications 
system. Therefore S-FSK underperforms when the conditions on the two signalling 
frequencies are identical.
Unfortunately this underperformance is not balanced by superior performance at the opposite 
extreme, where the signal to noise is finite on one channel and vanishingly small on the other. 
In this case half the transmitter energy is expended uselessly on the noisy channel and the 
symbol decision is made using only the better channel. Penetration and error rate o f the S- 
FSK system degrades by a further 3dB. The data rate of the dual frequency BPSK system 
does degrade, since if  the primary frequency is unusable it retransmits every packet on the 
secondary frequency, however penetration and error rate are unaffected.
The S-FSK system seems to have nothing to recommend it as compared with Echelon’s dual 
frequency BPSK system. Its implementation is inherently more stringent than the Echelon 
system, since the S-FSK system requires simultaneous reception at two frequencies. But as 
the results show, its performance is inferior by 3dB when the channels have identical signal to 
noise ratios and by 6dB when only one channel is usable.
If average additive noise power changed rapidly at a given frequency it might be impossible 
to avoid unfavourable frequencies: but as seen in chapter 4 this is emphatically not the case. 
In good conditions S-FSK underperforms and if  conditions degrade in one frequency channel 
it gets even worse. In addition spectral spreading of this scheme complicates the design of the 
receiver, increasing the required bandwidth and dynamic range of the A to D converters.
9.2.4. Advantages of OFDM
Both BPSK and S-FSK have a weakness when higher modulation rates are required, since it is 
desirable for the modulate at a rate of 10 0  baud to counteract time variant noise and achieve 
immunity against multiplicative distortion. In section 9 it was shown that the efficiency of 
BPSK considerably decreases when symbols are modulated considerably faster than 100 
baud. Even if the signal to noise ratio is kept constant, it is still the case that at 400 baud a bit 
error degradation o f between 3 dB and 12 dB occurs compared with performance at 100 baud 
(the exact value depending on the noise process dynamics), and the S-FSK system would also
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suffer a similar degradation. The reason is that certain channel symbols reason near the cyclic 
noise maximum are erased. Restricting the channel symbol rate to 100 baud avoids this and 
can be achieved by using OFDM as described in section 9.1.1, where carriers are separated by 
50 Hz and each carrier uses BPSK modulation. In addition to this a rate Vi constraint length 7 
convolutional code can be added to provide a coding gain.
To summarise, both dual frequency BPSK and S-FSK are unsuitable for high baud rates 
losing up to 12 dB of efficiency in the presence of noise amplitude modulation. A superior 
solution is to use convolutional coding with BPSK modulation at 100 baud for the coded 
symbols. Higher data rates are obtained by replicating this scheme on multiple carriers with a 
frequency separation of 50 Hz. The efficiency of this modulation scheme with respect to 
signal to noise ratio is independent of the symbol rate, unlike S-FSK and BPSK.
9.3. Complexity Implications
The majority of the complexity is in the receiver. Consider a coded data rate of 100 baud 
followed by a 'A rate decoder giving a data rate of 50 bps. The coherent demodulator contains 
three principal computationally intensive processes: invert multiplicative distortion (as in 
Figure 8-11), compute the noise matched filter (given by equation [8-1]), and perform 
convolutional decoding.
Assume the signal is oversampled relative to the channel symbol rate by a factor of 10, in 
order that diversity across the AC cycle can be fully exploited. The compensation for 
multiplicative distortion requires one complex multiplication per sample. The noise matched 
filter requires one complex multiplication and addition per sample. This gives a total of 4K 
multiplications and IK additions per second, i.e. 5K arithmetic operations.
The complexity of a convolutional code is related to its constraint length, increasing as 2 to 
the power of its constraint length times the rate. For example, a rate Zi convolutional code 
with a constraint length of 7 requires in the order of 256 addition and comparison operations 
per uncoded symbol, i.e. ~13K operations per second at a user data rate of 50 bps. Added to 
the operations above, this give 18K operations per second for each 50 bps data rate. This 
figure dominates the computational complexity o f the demodulator. O f course, parameter 
estimation, parameter tracking and detection algorithms have to run, and provision must be 
made for them.
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In summary, the computational complexity measured in arithmetic operations per second is in 
the order of 340 x (user data rate in bps). For example, a user data rate of 100 bps requires 
34K operations per second. At the low data rates required by telemetry applications, the 
computational problem is well within the capabilities o f low cost embedded processors.
9.4. Summary and Conclusions
This chapter presented a novel method to achieve higher channel symbol rates without 
compromising on the channel symbol period using a modulation scheme based on OFDM. 
Combining this with a convolutional code was shown to provide in the order o f 3dB coding 
gain while allowing higher data rates with no loss of performance.
Two commercial schemes, one of them an EEC standard based on S-FSK techniques and the 
other a proprietary system from Echelon Corp., were compared and found to deliver severely 
suboptimal performance in the presence of impairments produced by the narrowband channel 
model. The principal reason is that both methods rely on reducing the coded symbol period to 
provide an increased data rate, and this leads to severely degraded performance once the 
period is much less than half an AC cycle.
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10. Conclusions
Chapter 10 provides the conclusions o f this project, summarising what has been learnt about 
narrowband communications in the CENELEC frequencies. It also contrasts these with 
broadband techniques.
10.1. Summary of Results
This study has described a novel approach to modelling the mains communications channel as 
a communications link, and carried out an extensive campaign of empirical measurements to 
provide data to support the model. In order that this could be done, a customised measurement 
instrument, the ‘Channel Probe’, has been developed and its performance has been described 
in chapter 3. As part of the study a simulation has been written which is based on the model 
of the channel impairments.
Many new facts have been learnt about quantitative aspects of modelling the narrowband 
mains communications channel. This has been made possible by the development of the 
Channel Probe. Its ability to function as a narrowband IQ receiver with digital sample storage 
has allowed the development of quantitative models of short time variation in the noise 
process and the channel transfer function, leading to the models of time variant additive noise 
and multiplicative distortion presented in chapters 5, 6 and 7. The better known properties of 
average noise spectral density and average signal attenuation, which can be examined using a 
spectrum analyser and signal generator with suitable coupling, have also been investigated in 
chapter 4.
The lessons from Chapters 8 and 9 are that modulation schemes for the mains channel should 
be designed paying careful attention to the detailed impairments of the channel. It is no good 
using standard modulation techniques taken from other contexts and hoping they will work on 
the domestic mains. Most importantly, the symbol period should be a multiple of the half AC 
cycle to allow multiplicative distortion to integrate to zero and to ensure the symbol is not 
deleted by a periodic noise peak.
There are commercial systems that appear not to be designed to deal with the channel 
impairments that have been described. An outstanding example of such a system is the IEC
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61334 standard, which would have severely suboptimal performance according to the channel 
models developed in this study.
The modulation scheme proposed in this study, taking into account the actual characteristics 
of the narrowband mains channel, is based on OFDM with a channel symbol rate equal to the 
half AC cycle (100 baud) and carrier spacing o f 100 Hz. It relies on a rate V% convolutional 
coder with a constraint length o f 7 and uses BPSK modulation. The proposed receiver 
structure estimates and compensates for multiplicative distortion, estimates the periodic 
variation in noise power and constructs a filter that performs maximum ratio combining to 
counteract the effect of cyclically varying noise power.
10.2. System Considerations
Although the modulation scheme discussed in the previous section provides a solution for 
narrowband communications over a single frequency, a practical system would require many 
additional features, some of which are outlined below.
The system must be capable of frequency diversity: no practical system could afford to be 
vulnerable to being jammed on just one frequency. A narrowband system can achieved this 
using ‘slow frequency hopping’ for example by cycling through a ‘frequency hopping list’ on 
successive bursts. If one particular frequency is jammed, then an entire burst may be lost but 
can be re-transmitted on the next frequency. According to the working assumptions of this 
study, outlined in section 2.6.1, this is acceptable. Where data retransmission is not 
acceptable, for example due to time delay constraints, then it might be necessary use spread 
spectrum techniques or fast frequency hopping to ensure that frequency diversity is achieved 
within each burst or data frame.
The effect of spreading the frequency spectrum means the receiver requires a relatively fast 
analogue to digital converter with a high dynamic range. The required conversion speed is 
proportional to the spread signal bandwidth. At the same time the resolution requirements of 
the converter are increased due to the gain variation with frequency. For example the results 
in chapter 4 show that average frequency tilt o f signal power is -5dB/10kHz which yields a 
25dB ‘tilt’ in the signal amplitude from 40 to 90 kHz. Simply to overcome this uses 4 bits of
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converter resolution, and this does not include provision for spot frequency interferers or 
contingency for higher than average tilt8.
Some solution needs to be found to overcome inter-system interference. Frequency hopping 
can provide this capability, for example by causing different systems to have randomised 
frequency hopping lists. Spread spectrum systems achieve this by varying the spreading code.
10.2.1. Broadband System
A number of authors have recorded success with spread spectrum techniques [SONG], 
[VANDEGRACHT86], [VANDEGRACHT85], [WILDE], [TSUMURA], [TZUZUKI]. The 
PLT-30 from Echelon is a commercially available device using spread spectrum techniques 
[ECHELON]. This device employs direct sequence spread spectrum modulation using a 
binary symbol rate of 2 KBPS and a spreading rate of 31 chips per symbol. It utilises 
CENELEC band A, from 9 to 90 kHz.
As is shown in chapter 6 , the signal is subject to non-linear distortion which is frequency 
dependent. In order not to suffer degradation due to this, the receiver should correct this 
distortion. For a spread spectrum receiver to correct this distortion, any correction would have 
to be frequency dependent and be applied by the receiver before despreading the signal; there 
would be a consequent impact on complexity.
A compromise approach for a spread spectrum system that could address the problem of 
frequency dependent channel characteristics is suggested in [HOOIJEN97]. This uses a 
‘multicarrier’ spread spectrum architecture where the available frequency is divided into N  
sub-bands, each of which contains a separate spread spectrum transmission. The transmitted 
coded data sequence is divided into N  subsequences and each subsequence is transmitted over 
a different sub-band. The receiver recombines the carriers within each sub-band and 
reconstructs the data sequence. The concept is to keep each sub-band sufficiently narrow so 
that the key channel parameters to not vary greatly within its frequency range. Hooijen does 
not give a specific value for sub-band width.
8 This is in complete contrast to linear multipath fading channels such as are encountered in 
mobile cellular radio systems, where the effect of spreading is to reduce reduce the average 
variation in received signal dynamic range.
Chapter 10 167
Powerline Communications using the low voltage mains supply in the CENELECfrequencies
However, it may also be the case that narrowband techniques are inherently preferable to 
spread spectrum techniques for telemetry applications. Consider the following statement in a 
document published by Echelon [ECHELONOO]: digital signal processing is key to
overcoming the harsh conditions o f  the power line environment. Furthermore spread 
spectrum technology was found to be a detriment rather than a benefit in overcoming these 
challenges ...From the perspective o f  a company which sells both spread spectrum and DSP- 
based narrow band power line communication transceivers, ...with over 30 patented 
inventions developed to address the weakest aspects o f  both spread spectrum and DSP-based 
narrow band communication, DSP based narrow band is the clear winner fo r  today and fo r  
the future.” This statement is especially remarkable considering it is made by a company that 
supplies both spread spectrum and narrowband transceivers.
10.3. Future Directions
This study has developed a comprehensive picture o f the LV mains as a narrowband 
communications channel motivated by the needs o f low data rate telemetry applications 
outlined in section 2.6.1. It has used this model to compare two commercially available 
narrowband powerline carrier systems, one based on the IEC 61334 S-FSK standard, and has 
shown that both have deficiencies compared with a novel proposed OFDM techniques in the 
presence of the impairments produced by the model.
Although low data rate telemetry applications using the LV powerline carrier do not have the 
glamour, nor the market volume, of the Internet it is still likely that their use will increase 
over the coming years with the decrease in cost o f electronic components. Success will 
depend on the existence of high quality standards to enable the development of a market for 
high performance interoperable equipment. The identification of appropriate technical 
solutions depends on the development of a quantitative channel model that is able to achieve 
industry consensus. This study has presented a channel model which has produced prima 
facie evidence that the EEC 61334 S-FSK standard is unsuitable for powerline 
communications. The next step should be to either to justify this standard with reference to an 
alternative narrowband channel model or to replace it with a better solution, for example 
OFDM.
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11. Appendix A
This section contains a novel proof of the following statement, which does not appear to be 
available in the literature:
I f  a voltage source generates a signal Vtx =Vcos(coct), and the lumped mains impedance 
modulates at multiples o f  frequency coM , then the spectrum o f the voltage process measured 
at a receiver will contain sidelobes at coc ± n  a>\{ (n=l,2 ...).
Proof
In the following figure the voltage source is V^; the measured voltage is V^; the inline 
impedance from voltage source to point of measurement is Zinnne; the impedance from point 
of measurement to ground is Zshmt. Assume source voltage is sinusoidal: V* =Vcos(coc/).
To derive the voltage that is measured at the detector, we solve for the current /(/) 
flowing around the network and then use = 1  Zshum For this we consider the series 
equivalent of ZMine and ZshUnt, say Z,otai = ZjnHne + Zshunt which we shall represent as resistance 
R(/) in series with inductance L(f) and in parallel with capacitance C(0-
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The current I(t) flowing in the circuit is governed by the equation:-
[ l l - i ]
dt C {t)
— o u
This analysis identifies only steady state periodic solutions for I(t). Let J(co) be the Fourier 
transform of I(t): I(t) o  J(œ). Let the Fourier transforms of R,L,C be FR(co),FL(co),Fc(co). 
Taking the Fourier transform of the above equation, and noting that the transform of 
cos(£ycO is
s ( û ) - û ) c )+ ô (û ) + a c )} [ n  2]
yields:
^ {g(co-6}c)+ S (o ]+ 0)c)}=Fl (co)Ximf(m)+F„(a>)xj(cu)+ Fiu (a>)x ^  3i
where x denotes the convolution operator. Writing:
[11-4]Z (t)  -  icoL(t) + R (t)  +
Z(t) is the time varying impedance process. Then writing Ffco) for Fourier transform of Z(t), 
equation [11-3] becomes:
V ( * r  ^ . c . /  . [H-5]j(co) X Fz ( a )  =  —  {< ? ( (»  -  C0c )  +  S (a >  +  ) }
Now L(t), R(t) and C(t) (hence 1 IC(tJ) are by hypothesis all periodic functions which 
modulate at multiples of the mains frequency coM (typically fM ~ g>m I2jv= 50 Hz). Hence they 
contain only frequency components at multiples of toM. So does a linear combination of them 
such as Z(t), so Fz{go)  can be written:-
00 [11-6] 
Fz{a>)= ' Z ck 5 {c° - ka>M )
k=-oo
Appendix A 170
Powerline Communications using the low voltage mains supply in the CENELEC frequencies
where the coefficients ck depend on the properties of the impedance modulation process. 
Convolving this with J(co) we have:-
03 [11-7]
j(c o )x  Fz (co) = ckj(c o )x  S(co -  kcoM )
A '= ~c o
oQ
= J ^ c kj(c o -k G )M)
k = - o o
Where in the second step we used the sieve property of the delta function. Equating this with 
[11-5],
v  [H-8]
£  ckJ(a> - k t o M ) = — {¿(to -  mc) + S ( a  + a>c)}
k =-«
Lemma 1: We will now show that ./(co) is zero except for impulses at discrete frequencies 
co= ±coc +«coM, n—0, ±1, ±2... That is to say, the spectrum of the process I{t) can only consist 
of discrete components separated by multiples o f coM centered on coc .
For consider any frequency co0. Then either co0 is one of the discrete set o f frequencies 
separated from ±coc by an exact multiple o f coM, in which case there exists an integer n such 
that:
coq + nco m  — co c 
or
co q + nco = —co c
or co0 is not one of these frequencies in which case or there exists no such n.
Note that in the special case of coc being a multiple of coM, then the sets of frequencies co0 for 
which these expressions are satisfied are identical, but if coc is not a multiple of coM they are 
disjoint. In the analysis below we first assume for coc is a multiple of 0)M\ so coc = QcoM . In 
practice this is not a restrictive assumption, since coc is typically three decades larger than coM 
. However we shall later remove this assumption.
First consider the case of a frequency co0 where there is no n that satisfies these expressions. 
If we consider any frequency of the form co0+ ncoM, then by [11-8],
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J ^ c k j(co0 +ncoM - k a M) = ^ -{d(co0 +n(DM -c o c) + d(coQ+n(DM +(oc)}
k =-co 2
= 0, Vw
Since bothc)(&>0 + ncom  — coc ) and S^coq + n c o ^  + <5?c)are  zero for all n unless co0 is 
separated from ±coc by an exact multiple of coM .
Define
Jk  = J ( coq + kco frf ) for -  oo < k < oo [11-10]
Then we can rewrite this sum as:
00 [1 1 - 1 1 ]
ck J n-k  = 0
k=- oo
Let the Z transform of sequence {c,,} be:
oo [ 1 1 - 1 2 ]
C(z) =  Y j ck z k
k ~ ~ < x >
and the Z transform of {J„ } be:
oo [11-13]
y ( z ) =  Y . J k * k
k=-co
Taking the Z transform of the above expression gives:
C(z) vT(z)=0
From which if  follows that E(z) is uniformly zero, i.e. each element in the sequence {Jn } is 
zero, hence J(co0 +kcoM)  is zero for all integers k. In particular J((o0)  is zero, and this is true 
for any co0 that is not separated by ±coc by an integer multiple of coM. This proves Lemma 1.
t
Since [11-1] is a non-homogeneous linear differential equation in y {t) = j l ( r ) d T  it does
-oo
not admit to an identically zero solution. In Lemma 1 we have shown that J(co) is zero except 
for impulses at discrete frequencies co= ±ooc +«coM, n=0, ±1, ±2... . Since I{t), and hence /(co),
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cannot be identically zero we deduce that J{co) consists of impulse at discrete frequencies co= 
±(DC +«(£>m, ±1, ±2....That is, the ‘centre frequency’ of the process I(t) is the earner
frequency coc and the effect of the impedance modulation process is to produce sidelobes 
spaced at distances «coM from the centre frequency.
To characterise we use Vrx(t) =I(t) Zshunt (t) and note that the spectrum of is the 
convolution of their two spectrums. Since the spectrum of Zsiuult has only components at 
multiples of coM then again using the convolution property we see that the spectrum of the 
process has discrete spectral components with a centre frequencies ±ov and sidelobes 
spaced at multiples of com from the centre frequency.
End of Proof
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